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Synthetic fibre reinforced polymer (FRP) composite materials have been widely used in
engineering fields, e.g., civil, automotive, and aerospace industry, due to their high specific
modulus and strength, corrosion resistance, and relatively high durability. The interface
between fibre and polymer matrix is critical for the short-term and long-term performance
of the FRP composite materials due to the shear lag stress transfer from the matrix to the
fibre via their interface. This paper presents an overview of the fibreematrix interface and
interfacial properties. First, the interface mechanisms (i.e., interdiffusion, chemical
bonding and mechanical interlocking) of FRP composites are discussed. Next, the meth-
odology for measuring interfacial properties, characterizing interface morphology and
chemical composition, and numerical simulations on FRP interface are introduced. Lastly,
the challenges for the characterization of interfacial properties are highlighted.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).aviation industry. In 1944, glass FRP (GFRP) composite mate-
1. Introduction
1.1. Background
Fibre reinforced polymer (FRP) composite is a material
composed of fibres as reinforcement and polymer as matrix.
FRP composite materials were primarily developed for thechweig.de (S. Huang), q.
this work.
by Elsevier B.V. This is
).rials were first applied in the fuselage skin of Vultee BT-15
trainer plane [1]. Since 1980s, the FRP composite materials
were applied in civil engineering. They were embedded in
and/or externally bonded to existing structural members such
as concrete, masonry, timber, and steel to strengthen and/or
rehabilitate these structures. For themechanical properties of
FRP composite materials, the fibreematrix interface plays afu@tu-braunschweig.de (Q. Fu), l.yan@tu-braunschweig.de, libo.
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MMC Metal matrix composite
IFSS Interfacial shear strength
ILSS Intra-laminar shear strength
SPM Scanning probe microscope
AFM Atomic force microscope
SWNT Single-walled carbon nanotube
MWNT Multi-walled carbon nanotube
CNT Carbon nanotube
DCB Double cantilever beam
ENF End-notched flexure
PLA Poly(L-Lactic Acid)
SCF Short carbon fibre
PEEK Polyether ether ketone
P layer Primary cell wall
ANN Artificial neural networks
SVM Support vector machines
FEM Finite element method
DEM Discrete element method
MD Molecular dynamic
PCFF Polymer consistent force field
CVFF Consistent valence force field
AMBER Assisted model building with energy refinement
CDM Continuum damage model
CZM Cohesive zone model
CFM Coulomb friction model
RVE Representative volume element
ECT Edge crack torsion
SEM Scanning electron microscope
TEM Transmission electron microscopy







EDX Energy dispersive X-ray spectroscopy
XPS X-ray photoelectron spectroscopy
NMR Solid-State Nuclear magnetic resonance
PMMA Poly (methyl methacrylate)
PS Polystyrene
PVA Poly (vinyl alcohol)
GO Graphene oxide




A Cross-sectional area of the specimen in the in-
plane shear test
Ef Young's modulus of fibre
Tg Glass transition temperature
GI Strain energy release rate in Mode I failure
GII Strain energy release rate in Mode II failure
C Compliance of the specimen
L Length of specimen in edge crack torsion test
B Width of specimen in edge crack torsion test
Leff Thickness of the polymer adopted by
nanoparticles
D Average diameter of the particle cluster
Vtotal Volume of particle cluster
Vpolymer Volume of the adopted polymer by nanoparticles
Msample Sample mass
H Hardness of the material
Er Reduced elastic modulus
Ac Contact area of the indenter
S Unloading stiffness
C0 and C Stiffnessmatrix before and after the degradation,
respectively
F1þ, F1, F2þ and F2 Damage activation function
GN Strain energy release rate
XT and YT Tensile strength in fibre direction and normal to
the fibre direction
GIc and GIIc Critical energy release rate inmode I andmode
II
SL andST Longitudinal and transverse shear strength,
respectively
E1, E2, n12and G12 In-plane elastic orthotropic properties
(elastic modulus, major Poisson's ratio
and shear modulus) of a unidirectional
lamina
H Compliance tensor
R and le Radius of the fibre and the embedded fibre length,
respectively
Epot, Ebond, Eangle, Edihedral,
EvdWaals and ECoulomb Potential energy of the total system,
PCFF bond, PCFF angle, PCFF dihedral
effect, van der Waals interaction and
Coulombic interaction, respectively
df Fibre diameter
l Fibre embedded length
n Fabric number in FRP laminated composite
s Symmetry of fabric sequence in FRP laminated
composite
df Fibre diameter
lc Critical length of fibre
l1 Overall length of the dog-bone shaped sample in
fibre fragmentation test
w1 Overall width of the dog-bone shaped sample in
fibre fragmentation test
l2 Gauge length of the dog-bone shaped sample in
fibre fragmentation test
w2 Gauge width of the dog-bone shaped sample in
fibre fragmentation test
r Roughness factor
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b Specimen width of specimen in short and double
beam shear test
t Specimen thickness of specimen in short and
double beam shear test
a0 Length of the pre-crack
a Delamination length
m1 and m2 Compliance calibration coefficients
h Half of the specimen thickness in edge crack
torsion test
m3 and m4 Linear regression constants
nanc Number of anchoring points per chain in a
composite
wpolymer Mass fraction of polymer




di Scalar damage parameter
dint: Damage parameter of the fibre/matrix interface
Eint: and Ef : Elastic modulus of the interface and fibre,
respectively
nint: and nf Poisson's ratio of the interface and fibre,
respectively
df , dm and ds Damage parameter of fibre breakage
(longitudinal direction) and matrix cracking








m Damage parameters of fibre in tension,
fibre in compression, matrix tension and
matrix in compression, respectively
dN Damage parameters (N ¼ 1±, 2± and 6 represent
the longitudinal, transverse and shear damage,
respectively)
rM Internal variable (M ¼ 1þ, 1 , 2þ and 2 )
defining the threshold of the elastic domains was
used to determine dN
fMðrMÞ Function having the same order as the damage
activation function to indicate the initiation of
softening
gN Energy dissipated per unit volume
l* Characteristic length of the finite element
le Embedded length of CNT
tm Shear stress on the matrix
tf Shear stress on the fibre
sf Tensile stress in a fibre
dsf Tensile stress in a fibre element
dx Length of a fibre element
gint: Interface energy
greinf: Reinforcement surface energy
gmatrix Matrix surface energy
bint: Adhesion energy between reinforcement and
matrix
q Contact angle at the interface
tFFT Interfacial shear strength in fibre fragmentation
test
sf Fibre tensile strength
tPull Interfacial shear strength in fibre pull-out test
tFPT Interfacial shear strength in fibre push-out test
se Average axial stress of the fibre
d Displacement of the fibre end in fibre push-out
test
tIPST Shear strength of in-plane shear test
tSBST Interfacial shear strength of short beam shear test
df Load point deflection in the fracture toughness
test
b Constant for the indenter geometry
εi, εn;i and εu;i Normal strain, softening onset strain and
ultimate strain in the softening process of
element i
qGausspoint Gauss point of elements
~s11, ~s22 and ~s12 Effective stress tensors
~sm12and ~s
m
22 Effective stress tensors with the fibre
misalignment
hL Longitudinal friction coefficient
~tTand ~tL Effective longitudinal and transverse shear stress,
respectively
a11, a22 and b11, b22 Coefficients of thermal expansion and
hygroscopic expansion in the
longitudinal and transverse directions,
respectively
DT and DM Differences of temperature and moisture
content, respectively
snanddn Cohesive traction vector (and displacement
separation vector
scand dc Maximum cohesive traction and maximum
separation, respectively
d0 Separation point
s1, s2, d1 and d2 Maximum cohesive tractions and
separations in bi-linear cohesive laws
t Shear stress in friction model
sc Normal pressure stress of interface in friction
model
m Friction coefficient
sd1, sd2, and sd3 First, second and third principal stress of
the droplet, respectively
sd Yield strength of the droplet
tfd Shear stress between the fibre and matrix droplet
DE Difference in total energy of the CNTeepoxy
rCNT Radius of CNT
ti Interfacial shear strength between CNT and epoxy
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matrix through their interface.
Therefore, this reviewmainly focuses on this critical issue:
interface between fibre and polymer matrix in FRP composite.
The mechanisms (i.e., interdiffusion, chemical bonding andmechanical interlocking) of FRP interface are introduced. The
methods to improve the interfacial bonding based on the
mechanisms are referred briefly. The characterization
methods of FRP interface, as well as various simulation ap-
proaches of FRP interface are introduced and discussed.










Synthetic fibre Organic Aramid-Kevlar 2300e3400 55e143 1.5e4 1.44e1.47 [7]
Aramid-Twaron 3000 79e123 2e3.3 1.44 [7]
Inorganic E-glass 2000e3500 70 2.5 2.5 [8]
Standard carbon 4000 230e240 1.4e1.8 1.4 [8]
Natural fibre Plant-based Sisal 507e855 9.4e28 2e2.5 1.3e1.5 [9]
Hemp 550e1110 58e70 1.6 1.5 [9]
Flax 345e1830 27e80 1.2e3.2 1.5 [9]
Coir 131e220 4e6 15e30 1.2 [9]
Animal-based B. Mori silk 600e700 12.2 30e35 1.3e1.38 [10]
Spider silk 1300e2000 30 19e30 1.3 [10]
Chitosan 45.9e48.4 3.1e6.1 6.6 1.1 [11]
Mineral-based Basalt 1850e4800 70e110 2.5e3.5 2.5e2.9 [12]
Brucite 900 13.8 e 2.4 [13]
Polymer matrix Polypropylene 26e41 0.95e1.77 15e700 0.90e0.92 [8]
Polystyrene 25e69 4e5 1e2.5 1.04e10.6 [8]
Epoxy 35e100 3e6 1e6 1.1e1.4 [8]
Polyester 40e90 2e4.5 2 1.2e1.5 [8]
Vinyl ester 69e83 3.1e3.8 4e7 1.2e1.4 [8]
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For the chemical bonding, the interfacial bonding can be
enhanced with coupling methods, using silane and maleated
agents, which has been reviewed comprehensively in litera-
ture [2e5] and will not be discussed in this review.
1.2. Introduction to the FRP composite materials
For FRP materials, fibres usually exhibit higher modulus and
strength than the polymer matrix, as shown in Table 1
Therefore, the mechanical performance (e.g., tensile and
bending stiffness and strength) of the matrix can be improved
when fibres are added. The functions of fibres include 1) car-
rying most of the tensile or compressive load applied on an
FRP sample, and 2) bridging cracks in matrix and mitigating
the growth of cracks through dissipating the energy near the
crack tip. As shown in Fig. 1(a), when an FRP sample is sub-
jected to an axial tensile load, the stress is transferred to the
fibre through the surrounding matrix. In the figure, tm and tf
are the shear stress acting on matrix and fibre, respectively.
The sf and dsf are the tensile stress in a fibre and a fibreFig. 1 e Schematic view of unidirectional FRP composites: the m
and (b) fibre bridging, redrawn from Refs. [6,14] (Permission graelement with length of dx, respectively. The process begins at
the deformation of matrix caused by the applied load. Then,
the matrix deformation induces shear stress at the fibre/ma-
trix interface [6]. The tensile stress of fibre is activated to
balance the shear stress. Through this process, the fibre
carries most of the tensile load applied on the FRP composite.
The mechanism of fibre bridging is illustrated in Fig. 1(b).
Micro-cracks initially occur in polymer matrix due to its
smaller fracture strain than that of fibres. The crack propa-
gates when the strain energy near the crack tip is larger than
the energy to form a new surface. If fibres are bridging a crack
in thematrix, the stress carried by thematrix is transferred to
the fibre via the interface. As the stress increases, the interface
failure (e.g. fibre pull-out and interface debonding) or fibre
fracture will occur depending on the interfacial shear strength
of fibreematrix and tensile strength of fibre. The interface
failure and fibre fracture dissipate the strain energy near the
crack tip, hence leads to the mitigation of crack propagation.
Conventional fibre materials in FRP include natural and
synthetic fibres. As illustrated in Fig. 2, natural fibres can be
further categorized into plant, animal and mineral-basedechanisms of (a) load transferring at fibre/matrix interface
nted).
Fig. 2 e Classification of natural and synthetic fibres, redrawn from Ref. [15] (Permission granted).
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ganic fibres. The forms of fibres in FRP can be divided into four
main categories: monofilament short fibre, continuous uni-
directional fibres, woven fabric, and non-woven mat. Table 1
presents the mechanical properties of some conventional fi-
bres in comparison with some commonly used polymer
matrices. Apart from properties of fibres, the orientation of
fibres relative to loading direction also influences the me-
chanical properties (e.g., tensilemodulus and strength) of FRP.
Ideally, FRP is regarded as isotropic material in-plane if short
fibres are randomly distributed in the matrix. The composite
will have main tensile load-carrying directions which are
same to the main fibre directions in the matrix.
The function of the polymer matrix in FRP composite ma-
terials includes holding the reinforcements together, trans-
ferring load, distributing loads evenly, carrying inter-laminar
shear, and preventing fibres from direct contact with different
environmental conditions.
Polymer matrices can be classified into thermoplastic
and thermosetting materials. Upon heating, the cured
thermosetting polymers do not melt. However, they can be
pyrolyzed when they are heated to a high temperature. For
example, at 300 C, ortho-phthalic is pyrolyzed [16] to 82.6%
of solid residues 6.1% of gas yields, and 9.7% of liquid
(mainly aromatic compounds) yields by weight. In contrast,
thermoplastic polymers melt under certain temperatures
normally between 150 and 250 C above the glass transition
temperature (e.g., the melting point of polypropylene isFig. 3 e The structure of (a) thermoplastic polymer and (b) therm
granted).between 160 and 175 C [17]) and harden again when poly-
mers are cooling down. The most widely applied thermo-
plastics are polyethylene, polypropylene (PP), polyvinyl
chloride (PVC), and polystyrene [18]. Thermoplastic
matrices are advantageous in terms of recyclability due to
their ability to be remoulded [19], as well as high toughness
and large resistance to microcracking [20]. However, the
melting point of thermoplastic polymer limits the temper-
ature range of the applications. Besides, the mechanical
properties (e.g. tensile modulus and strength) of thermo-
plastic polymer are normally lower than those of thermoset
[21]. This is because the linear molecular chain of thermo-
plastic polymer (shown in Fig. 3(a)) can be easily stretched
when a load is applied. In contrast, thermosetting polymers
such as epoxy, polyester and vinyl ester have a more stable
molecular structure (crosslinks in Fig. 3(b)) compared to
thermoplastic polymers. Therefore, they can work in higher
load and temperature than thermoplastic.
1.3. Significance of fibre/matrix interface
Interface in FRP is the commonboundary between fibre and the
polymer matrix, through which the load can be transferred
from matrix to fibres based on the strain compatibility. If the
interface prematurely fails, the deformation (or strain) of the
matrix is not compatible with that of the fibre, which results in
that the load cannot be transferred from the weak component
(matrix) to the strong component (fibre). In other words, theosetting polymer, redrawn from Ref. [22] (Permission
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ieved. Therefore, the strain compatibility at the interface is
essential to the integrity of FRP materials. However, the strain
compatibility is hard to be achieved under stressed and/or
aggressive environmental conditions due to the different me-
chanical (e.g. elastic modulus) and physical properties (e.g.
swelling ratio) of fibres and the matrix. Stress concentration
occurs more likely at the interface than in fibres or matrix so
that microcracks are easier to be generated at the fibre/matrix
interface. As the microcracks propagate, the load-carrying ca-
pacity of the FRP composite material reduces. In order to make
a good use of FRP material, it is essential to study the fibre/
matrix interfacial properties. Furthermore, the fibre/matrix
interface is critical for the long-term mechanical properties of
FRP under aggressive environmental conditions. For example,
when FRP composite is exposed to a high humidity environ-
ment (e.g., 95% RH), the deterioration of mechanical properties
of the entire FRP is the result of the degradation of fibres, ma-
trix, and fibreematrix interface. The hydrolysis takes place in
the matrix and/or fibre (i.e., specifically plant-based natural
fibre) to cause the mechanical properties degradation of fibres
and matrix. The transported moisture deteriorates the inter-
facial bonding through reducing the chemical bonds and me-
chanical interlocking at fibre/matrix interface. Besides, the
differential swelling between fibre and the matrix induces
microcracks at their interface [23,24]. During a long-term
exposure in high humidity conditions, the microcracks
formed by the swellingmismatch in the early stage of exposure
provide new paths for moisture diffusion and hence accelerate
the damage growth in fibres, matrix, and fibreematrix inter-
face. The hydrolysis of synthetic fibres is relatively insignifi-
cant in comparison with plant-based natural fibres. However,
there still exists the hydrolysis of the matrix as well as the
mismatch of fibre/matrix interface caused by the different
swelling ratios, which can influence the short- and long-term
mechanical properties of the synthetic FRP.2. Interface in FRP
2.1. Mechanism of the interface
As shown in Fig. 4, at macro-scale, the interface is a common
boundary between the reinforcement (fibres in FRP composite)
and the polymer matrix. At micro-scale, this “boundary” is aFig. 4 e Schematic illustration of the interphase in the comtransition region (named as interphase) with finite volume
extending zone, where the chemical, physical andmechanical
properties vary continuously or in a stepwise manner from
the reinforcement to matrix materials [25]. According to the
interphase definition, a fibre in FRP composite can be divided
into two parts. One part does not contact the matrix and re-
mains the properties of original fibres. The other part of the
fibre is affected by the matrix and the properties differ from
the original fibre. This difference in the properties has two
origins: the first one is the treatment or adsorbedmaterials on
the reinforcement or matrix before forming the composite.
Surface treatments of fibres can add/remove functional
groups to/from the original surface. Hence the fibre surface
presents chemical and structural difference from the original
fibre. When the fibres or matrix are exposed to the air before
the assembling, the adsorption of chemical species in the air
may occur at the surface to alter/eliminate certain surface
reactivity, and then results in the decrease of the interfacial
bonding [26]. The second cause is related to the diffusion or
chemical reaction between fibres and matrix, which is dis-
cussed in the inter-diffusion, chemical bonding, and reaction
bonding in the interface mechanisms.
The mechanisms of forming an interface in composite
materials include physical attraction between electrically
neutral bodies, molecular entanglement, inter-diffusion, elec-
trostatic attraction, chemical bonding, reaction bonding, and
mechanical bonding [26], as shown in Fig. 5. Besides, there are
also some low energy forces such as hydrogen bonding and van
derWaals forces. In the process of forming interfacial bonding,
before the reinforcement and matrix contact each other, the
physical attractions (including electrostatic attraction and
physical attraction between electrically neutral bodies) may
first take place. After the contact of reinforcement and matrix,
other mechanisms like molecular entanglement and inter-
diffusion start to operate. The final bonding between the re-
inforcements and matrix is formed by all the mechanisms
working separately or most likely collaboratively [28]. The in-
dividual bonding mechanisms are introduced in Fig. 5 and
discussed in detail below.
The physical attraction between electrically neutral bodies
forms the interfacial bonding through the interactions of
electrons at an atomic scale. This interaction is dependent on
van der Waal forces, i.e. the attraction in neutral molecules or
atoms. It may also depend on the acid-based interaction, i.e.
the polar attraction of Lewis acids and bases, e.g. electron-posite, redrawn from Ref. [27] (Permission granted).
Fig. 5 e Interfacial bonding formed by (a) molecular entanglement; (b) inter-diffusion of elements; (c) electrostatic attraction; (d)
chemical reaction between groups on reinforcement and matrix surfaces; (e) chemical reaction forming of a new compound,
particularly in metal matrix composite (MMC); (f) mechanical interlocking, redrawn from Ref. [28] (Permission granted).
Fig. 6 e Contact angle and surface energy.
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place only when the distance between atoms of the fibre and
matrix is within several atomic diameters [28]. The wettability
(the ability of liquids to spread on the solid surface) is usually
used to characterize this physical attraction [28]. Based on
Dupre equation [28], the thermodynamic work is used to
describe the wettability of matrix (liquid) to reinforcement
(solid). The relationship between the interface energy (gint:),
reinforcement surface energy (greinf:), matrix surface energy
(gmatrix), and adhesion energy between reinforcement and
matrix (bint:) is given by:
gint: ¼grein: þ gmatrix  bint: (1)
According to Young's equation [28], for a liquid drop on a
solid shown in Fig. 6, the surface and interface energies are
also related to the contact angle at the interface q, as shown in
Eq. (2):
grein: ¼gint: þ gmatrix cos q (2)
Substituting Eq. (2) into Eq. (1), the adhesion energy can be
calculated by Eq. (3) given below. As the contact angle de-
creases from 180 to 0, the adhesion energy increases, which
indicates an increase of wettability between matrix and
reinforcement:
bint: ¼gmatrixð1þ cos qÞ (3)
Wenzel [30] modified Young's equation by inducing the
roughness factor (r) based on the assumption that grooves on
the rough surface is completely filled by liquid. The roughnessfactor is defined as the ratio of the area of the actual rough
surface to the smooth surface. Themodified Young's equation
is presented as:
grein: $ r ¼ gint:$rþ gmatrix cos qr (4)
where qr is the contact angle at a rough surface.
Increasing the wettability between fibre and polymer is a
basic approach to enhance the interfacial bonding. There are
many methods to increase the wettability. For example,
corona and plasma treatments on fibre surface can increase
the surface wettability through increasing carboxyl and hy-
droxyl groups on the surface. The increase of carboxyl and
hydroxyl groups on fibres leads to the higher surface energy of
fibres, grein: in Eq. (1) [31], hence resulting in higher interface
energy.
The inter-diffusion in FRP interface indicates that the
atoms and molecules of fibre material diffuse into polymer
material at their interface, based on the thermodynamic
equilibrium between fibres and matrix. Choi-Yim et al. [32]
detected the diffusion of silicon from the silicon carbide par-
ticle to the metallic matrix by scanning Auger microscope. In
the aspect of polymer matrix composite, Wolff et al. [33]
observed the diffusion layer between the polymerized glass
fibre and the matrix through laser scanning microscope.
Moreover, the gradual change of the elastic modulus through
the fibreematrix interface (measured by nanoindentation) is
regarded as an evidence of the interdiffusion between the
matrix and relatively stiffer fibre. The diffused molecules can
be further entangled with other molecules. The molecular
entanglement can be influenced by the ambient temperature
[28]. As the temperature increases, the molecules in polymer
chains obtain enough energy to overcome local barriers (e.g.,
the interpenetration of molecule chains) which hinder mo-
lecular motions. When the temperature is close to the glass
transition temperature (Tg, i.e. the temperature above which
molecules have more relative mobility and polymers change
from a glassy or crystalline state to a rubber state),
molecular motion becomes so active that even the molecular
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molecule chains [34]. Hence, as themolecular entanglement is
unravelled gradually, the interfacial bonding is weakened.
Electrostatic attraction occurs when there is a difference in
electrostatic charge between fibre and matrix surfaces due to
an imbalance of electrons or ions, as shown in Fig. 5(c). The
interface strength is dependent on the charge density [28]. The
electrostatic attraction can work when materials are sepa-
rated and the active distance is the order of centimetres,
which is greater than the range of other adhesion mecha-
nisms [35]. As aforementioned, the interaction based on van
der Waal forces can only act within a distance of several
atomic diameters. However, when materials are in intimate
contact, the electrostatic effect is relatively weaker in com-
parison to van der Waals forces [36].
A chemical bonding at the interface is formed by the
connection of compatible chemical groups between the rein-
forcement and the matrix. One common way to enhance
chemical bonding is using coupling agents, which are
bifunctional molecules when one end of the molecule can
react with the compatible chemical group on fibres and the
other end can react with the compatible chemical group of the
matrix. Conventional agents include silane agents and
maleated coupling agents. For silane agent, one end of silanes
can react with hydroxyl groups (hydrophilic groups) of the
plant-based natural fibre; the other end reacts with the hy-
drophobic groups in the matrix [9]. Maleated (MA) agents are
commonly grafted to polypropylene (PP) [9]. In the fibre rein-
forced MA-PP composite, as shown in Fig. 7, there is a CeC
bond formed by the MA agent and the polymer matrix. The
other end of MAPP can react with the hydroxyl groups on fibre.
When FRP composites with coupling agents are applied in
practical environments such as hygrothermal and ultraviolet
conditions, the function of coupling agents is affected by the
environment as well. For example, Han et al. [37] investigated
the interfacial adhesion between the polypropylene and hemp
fibres treated by silane agents under ultraviolet ageing. In the
comparison of silane agents of 3-(Trimethoxysilyl)propyl
methacrylate (MPS) and (3-Aminopropyl)-triethoxysilane
(APS), the fracture strains of the composites decreased by
35.2% and 8.0% after 8-week ageing, respectively. This is
because the ester group in MPS absorbed ultraviolet radiation
and get degraded leading to the relatively brittle failure of
interfacial bonding. Therefore, an appropriate coupling agent
needs to be selected according to the applied condition of FRP.
Moreover, Pape and Plueddemann [38] summarized the
modifications on silane coupling agents to improve the
interfacial bonding. The modification methods included
increasing hydrophobic character, crosslinking of the siloxane
structure, thermal stability, and forming ionomer. These ap-
proaches can improve the resistance of the interface against
the moisture and thermal degradation in hygrothermal envi-
ronments. However, it should be pointed out that it is inherent
that different chemical environments could affect different
ends of the linking molecule under the coupling agent addi-
tion. Thus, further research regarding the influence of various
environments (e.g., seawater and acid rain) on the function of
coupling agents at the fibreematrix interface is needed.
Reaction bonding is producing a new compound at the
interface,whichusuallyoccursatmetalmatrixcomposite (MMC)materials. This is simply discussedhere. Due to the imbalance of
thermodynamic systems, most MMC systems have a chemical
potential gradient across the reinforcementematrix interface
[40]. Therefore, when fibres are in a liquid metal matrix under
sufficient temperature, therewillbe intensivechemical reactions
at the interface to yield reactionproducts. For example, at 500 C,
in boron fibre-reinforced aluminium composite material,
aluminium diboride is formed at the interface [41].
The mechanical interlocking occurs between the matrix
and rough surface of the fibre. The roughness of fibre sur-
face could be the regular or irregular valleys, protuberance,
and crevices of fibre surface [42]. When the surface is
rougher, the bond area between matrix and fibre increases,
and hence, the bond strength can be higher. Except for the
roughness of fibres, the residual clamping stress caused by
the difference in the thermal expansion or shrinkage be-
tween fibres and matrix is also beneficial for the fibre/ma-
trix mechanical interlocking [28]. Grafting nanoparticles
(e.g., nanoclay and nano carbon tube) to fibres can make the
fibre surface rougher to enhance the mechanical inter-
locking. For plant-based natural fibres, alkali treatment is
the commonly used approach to increase the mechanical
interlocking of plant-based FRP composite materials. Plant-
based natural fibres have fat and wax components which
make the fibre surface smooth and have a negative effect on
the interlocking. Alkali solution can remove the fat and wax
to make the fibre surface rougher. Therefore, the mechani-
cal interlocking can be improved. After the alkali treatment,
grafting nanoparticles to the plant-based natural fibre can
further increase the roughness and surface wettability of
the fibre surface to enhance the interfacial bonding. The
graphene oxide (GO) nanoparticle has gained popularity in
the research regarding plant-based natural fibre composite,
as it can not only provide the merits of nanoparticles but
also show good chemical reactivity due to its intrinsic
functional groups [43]. The active chemical reactivity can
lead to the reaction between GO and fibre as well as be-
tween GO and matrix to form chemical bonding [44,45],
which can improve the interfacial bonding significantly and
further increase other mechanical properties e.g. tensile
strength. Javanshour et al. [45] found the GO treated flax
fibre reinforced epoxy composite showed 43% higher inter-
facial shear strength compared with the untreated flax/
epoxy composite. Sarker et al. [43] reported that grafting GO
onto jute fibres led to the improvement of 236% and 96% in
the interfacial shear strength and tensile strength of jute/
epoxy composite, respectively. Importantly, water molecular
in the interface is a critical factor affecting the mechanical
interlocking. Acting as a lubricant, water in the interface
would lead to the aggravation of the slip between the fibre
and matrix. On the other hand, the fibre and matrix have
different shrinkage and swelling ratios. Increasing moisture
content can reduce the residual clamping stress on the
interface caused by the difference in the shrinkage between
the fibre and matrix [46].
2.2. Failure modes
The failure modes of the interface can be categorized into
three types according to the failure location: debonding
Fig. 7 e Reaction of MAPP with plant-based natural fibre, redrawn from Ref. [39] (Permission granted).
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shown in Fig. 8. These failure modes can occur individually
or simultaneously depending on the bond strength, critical
strength of the fibres (e.g., tensile strength in pull-out test
and compressive strength in push-out test), and shear
strength of the polymer matrix. For example, Oushabi et al.
[47] reported that due to the incompatibility between the
raw date palm fibre (hydrophilic) and polyurethane matrix
(hydrophobic), the only failure mode observed was
debonding failure (Fig. 9(a)) at the fibreematrix interface
under the single fibre pull-out test. When the raw date
palm fibre was treated by 5 wt% NaOH, there was more
matrix attached to the fibre surface as shown in Fig. 9(b).
This phenomenon was attributed to that the alkali treat-
ment leads to hydroxyl groups on the fibre surface to
expose to the matrix [47]. The polymer chains of the matrix
can hence form chemical bonds to the fibre surface and
increase the bond strength. Liu et al. [46] also observed the
debonding failure and matrix failure at the interface be-
tween the epoxy matrix and the palm fibre with different
moisture contents. When there was a high moisture con-
tent (328%) in palm fibres, the debonding failure occurred.
The water in the fibre/matrix interface reduced the fibre/
matrix mechanical interlocking. In contrast, as the mois-
ture content decreased, the bond strength of the palm fibre
and the epoxy increased, and the failure happened at their
interface and/or the matrix. The fibre failure at the inter-
face can be observed in Fig. 9(c), which shows the tensile
fracture surface of the short Napier grass fibre/polyester
composite. The Napier grass fibre is fibrillated, and the
fibrillation can lead to the lateral deformation of fibre
resulting in the interface failure.Fig. 8 e Failure modes of interphase: (a) debonding failu2.3. Characterization of fibre/matrix interfacial
properties
Interfacial properties of FRP are characterized as interfacial
shear strength (IFSS) between the fibre and polymer matrix.
When it comes to laminated FRP composite materials, the
intra-laminar shear strength (ILSS) and fracture toughness
can be used to evaluate the relative interfacial properties as
well. The characterization methods of interfacial properties
are introduced in this section. Morphology observation and
chemical analysis approaches are also discussed here to help
in understanding the interfacial mechanism.
2.3.1. Mechanical tests
Mechanical tests for characterizing the interfacial properties
in the composite can be classified into three types depending
on the testing scale: 1) nano-, 2) micro-, and 3) macro-scale.
Nano-scale measurements are usually conducted through
pull-out of a nano-fibre or nanoparticle by the probe in a
scanning probe microscope (SPM) or atomic force microscope
(AFM). Micro-scale mechanical measurement includes fibre
fragmentation test [49], single fibre pull-out test [46,50], and
fibre push-out test [51]. Macro-scale mechanical measure-
ment includes 45 in-plane shear test (ASTM D3518 [52]/ISO
14129 [53]), short beam shear test (ASTM D2344 [54]/ISO14130
[55]), and fracture toughness test (ASTM D5528 [56]/ISO 15024
[57] and ASTM D7905 [58]/ISO 15114 [59]). These test methods
will be discussed individually. Some studies on the interfacial
properties using mechanical tests are listed in Table 2. In
these tests to obtain interfacial properties, the tests at nano-
scale are mainly conducted on carbon nanotube. The
embedded length of a nanotube sometimes is underestimatedre, (b) failure in reinforcement, (c) failure in matrix.
Fig. 9 e Failure modes of interphase: (a) debonding failure [47]; (b) debonding failure and failure in matrix [47]; (c) debonding
failure and failure in fibre [48] (Permission granted).
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estimation leads to an overestimated shear strength. At the
micro scale, the fibre fragment test requires that the matrix
should be more ductile than the fibre. The fibre push-out test
is suitable for fibres which can carry compressive load such as
glass, carbon, and ceramic fibres. Fibre pull-out tests have no
special requirements onmaterial properties of fibres. It should
be noted that the micro-bond tests cannot measure the
interfacial shear strength of fibre/matrix interface in FRP,
which is manufactured with pressure. At macro scale, in-
plane shear test, short beam test and fracture toughness
tests are suitable for laminated FRP composite material.
Specially, the laminated FRP composites for the in-plane shear
test need to be configured with a symmetric layer sequence.
The details of these mechanical tests are discussed individu-
ally below.
2.3.1.1. Nano-scale mechanical measurement. At the nano-
scale, the fibre pull-out test is usually performed with SPM
or AFM. The nano-fibre or nanoparticle is pulled out from the
polymer matrix by the tip. There are two test methods with
various sample preparation. The first method can be used for
both thermoplastic and thermoset polymers, whilst the sec-
ond one only works when the matrix is thermoplastic. For the
first method with SPM, the example of multi-walled carbon
nanotubes (MWCNT)eepoxy interface is used for illustration.
Nanotubes are dispersed in the epoxy resin and then mixed
with the hardener to form a 200-mm-thick film. After the 200-mm-thick film is cured, the film is cut into thinner film
(thickness: 70e100 nm) using a diamond knife and a Reichert-
Jung ultra-cut microtome. In order to locate the interesting
region where the hole of the epoxy is spanned by a nanotube
(Fig. 10(a) and (b)), the semi-contact mode is used for the SPM
imaging. Once the interested region is determined, the tip is
slid across the hole in the contact mode. The sliding direction
is perpendicular to the cantilever long axis and intersecting
the nanotube axis [60]. The figures observed from trans-
mission electron microscopy (TEM) before and after the
MWCNT pull-out are shown in Fig. 10(a) and (b). The interfa-
cial shear strength was calculated by dividing the pull-out
force by the embedded area of the nanotube. Although the
average interfacial strength of (MWCNT)eepoxy composite
obtained in Cooper et al. [60] reached 150 MPa, the specimen-
to-specimen strength variability is relatively high. There were
six MWCNTs pulled out from epoxy with the maximum shear
strength of 376 MPa and the minimum shear strength of
35 MPa. The author attributed the high variation to the mea-
surement errors in the nanotube diameter and the embedded
length. With respect to the second method with AFM for
thermoplastic polymer matrix composite materials, such as
polyethylene-butene with MWCNT [61], a single MWCNT is
attached on the tip (using a nano-manipulator) and kept
separated from the solid matrix in AFM. When the matrix is
heated to be a liquid-like manner, the MWCNT is pushed into
the molten polymer. Next, the thermoplastic matrix is cooled
down to the room temperature and the tip maintains the
Table 2 e Investigations on interfacial properties through mechanical tests.
Ref. Fibres Matrix Methods Note
[60] Carbon nanotube Epoxy (Araldite LY564,
Ciba-Geigy, hardener HY560)
Pull fibre out by scanning
probe microscope (SPM)
 Both single-walled carbon nanotube
(SWNT)-epoxy and multi-walled carbon
nanotube (MWNT)-epoxy composites
were tested
 Main failure mode of MWNT-epoxy was
pull-out failure and tube fracture was
the dominated failure mode of SWNT-
epoxy
[61] Carbon nanotube Pull fibre out by or atomic force
microscope (AFM)
 Smaller diameter nanotubes, stronger
interface, and higher fracture energy.
[62] Flax, glass uni-directional fabric Phenolic resin Short beam shear test
Double cantilever beam (DCB) tests
 Compared with glass fibre, the flax fi-
bres which were twisted in bundles
could provide more fibre bridging to
enhance the interfacial properties
(strength and fracture toughness)
[63] Flax, glass bi-directional fabric SR 1500 Epoxy Double cantilever beam (DCB) tests  Flax/epoxy system had better adhe-
sion properties characterized by the
lower critical, debonding lengths and
higher IFSS
[64] Flax, nano-TiO2 Epofine 556 (Epoxy) DCB test
End-notched flexure (ENF) test
 Adding nano-TiO2 could increase the
fracture toughness of flax fibre rein-
forced epoxy. When the content of
TiO2 beyond 0.5 wt%, the agglomerate
of nano-TiO2 led to the failure at lower
load values
[46] Royal palm E44-6101 epoxy Single fibre pull-out test  As the moisture content increased,
the bond strength between fibre and
epoxy decreased.
[65] Flax Poly(L-Lactic Acid) (PLA) In-plane shear
DCB test
 The influence of cooling rate: 93 C/
min, anneal at 50 C, 15.5 C/min and
1.5 C/min
 The in-plane shear strength andMode
I fracture toughness dropped with the
slowest cooling rate
[66] Flax, basalt Scott-Bader Crystic
VE676-03 (vinyl ester)
DCB test  High moisture absorption by flax fi-
bres led to a weak fibreematrix
interface
[49] Glass Epikote 828 (Epoxy) Single fibre fragmentation test  The IFSS of epoxy-glass fibre treated
by silane was higher than that of
epoxyeglass fibre treated by urethane
[50] Sisal, curaua and jute fibres Cementitious matrices Single fibre pull-out test  Sisal fibres showed the highest frac-
ture energy during the pulling out, due
to their higher surface roughness and
more irregular cross-section shape


























































Fig. 10 e (a) TEM image of aMWNTcrossing ahole inan epoxy resinmatrix; (b) TEM imageof aMWNTpartially pull out by a SPM
tip [60]. (c) AFM topography image of polyethylene-butene before pulling out of a MWNT; (d) AFM topography image of
polyethylene-butene after pulling out of aMWNT (note: thehorizontal scan sizewas 1 mmfor (c) and (d)) [61] (Permission granted).
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fibre/particle is pulled out by the tip. The images before and
after the MWCNT pull-out are shown in Fig. 10(c) and (d).
2.3.1.2. Fibre fragmentation test. In fibre fragmentation test,
the fibre is embedded in a dog-bone-shaped matrix, as illus-
trated in Fig. 11. Dimensions of the specimen in some litera-
ture are listed in Table 3. The matrix should have a larger
failure strain (ideally at least three times) than the fibre in
order to avoid matrix failure [67]. This test should be per-
formed under an optical microscope to observe the in-situ
fragmentation. Huang and Young [68] utilized Raman spec-
troscopy to capture the deformation of the carbon fibre,Fig. 11 e (a) Fibre fragmentation specimen andaccording to the fact that the band at 1580 and 2720 cm1 in
the Raman spectra will shift to the lower wavenumbers when
the fibre is elongated. Tsirka et al. [69] also used the Raman
spectra to study the interface deformation between epoxy
matrix and carbon fibre grafted carbon nano-tubes in the fibre
fragmentation test. As the tensile loading increases slowly
(e.g. the crosshead speed of 0.005 mm/min in [70]), multiple
fragmentations of the fibre take place [71,72] until the fibre
lengths are too short to cause further breakage. With the
assumption that the interfacial shear strength (IFSS) at the
fibreematrix interface is constant along the short fibre length,
the IFSS of fibre fragmentation test (tFFT) can be evaluated
based on force equilibrium as:(b) fibre fragmentation under tension load.












Budiman BA [73] 35 14 7 2 2
Seghini MC [70] 73 15 13 3 2
Khan Z [74] 35 16 6.4 1 e
Feih S [75] 35 16 6.45 2 2
M. J. Rich [76] 61.5 25.5 10.5 4 2
Fig. 13 e Schematic view of fibre push-out test.
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ð2lcÞ (5)
where sf is fibre tensile strength; df is the fibre diameter, and lc
is the critical length of fibre, which is the average value of fibre
fragment lengths at the end of the test [67].
2.3.1.3. Fibre pull-out test and micro-bond test. Fibre pull-out
test is one of the most conventional tests for the investiga-
tion of bond behaviour of fibre and matrix. As shown in
Fig. 12(a), the fibre is embedded in the matrix. One end of the
fibre is applied load. During the test, the load and the fibre
displacement are recorded. After the fibre is pulled out, the




where Pmax is themaximum load; df is the fibre diameter, and l
is the fibre embedded length.
Figure 12(b) shows the schematic of the pull-out test of
multiple fibres. The matrix blocks are only connected by fi-
bres. Using multiple fibres pull-out test, the influence of fibre
volume fraction on the interfacial properties can be consid-
ered. The micro-bond test shown in Fig. 12(c) is a modified
single fibre pull-out test. A small amount of matrix is applied
on the fibre to form a droplet and cured to form an ellipsoid
shapewithout external pressure. After thematrix is cured, the
fibre is applied a tensile load and pulled out of the matrix. In
this test, the smooth curvature at the fibreematrix interface
can reduce the stress concentration and hence reduce the
variation in the interfacial shear strength [67]. However, the
micro-bond test cannot measure the IFSS of fibreematrix
interface in FRP when it is manufactured with pressure,
because the pressure cannot be applied during the curing
process of the droplet.Fig. 12 e Schematic view of (a) single fibre pull-out test, (b2.3.1.4. Fibre push-out test. Fibre push-out test is applicable
when the composite materials are linear elastic hard or brittle
systems and there is no obvious elastic modulus mismatch
between the fibre andmatrix [77]. As shown in Fig. 13, a fibre is
bonded in the matrix. The top surface of the fibreematrix
composite, which contacts the micro-indenter should be
polished to obtain a smooth surface. During the compressive
loading, the fibre is pressed into the matrix by a micro-
indenter until the fibre slips from the matrix. The IFSS of
composite in fibre push-out test (tFPT), can be calculated as in
Eq. (7) [67]. Regarding the Poisson's ratio of the fibre, as the
Poisson's ratio increases, the stress transfer from the fibre to




where se is the average axial stress of the fibre, which is equal
to the applied load divided by the cross-section area of the
fibre; df is the fibre diameter and l is the debonded length
derived from l ¼ Efd=se. Ef is the Young's modulus of fibre, and
d is the displacement of the fibre end.
2.3.1.5. In-plane shear test. Through in-plane shear test, IFFS
can be obtained by tensile test. The tested composite ma-
terials should be the continuous-fibre-reinforced laminated
composite and the symmetric lay-up composed of þ45 and
45 plies, according to ASTM D3518 [79]. The stacking
sequence of the fibre in the composite should be [45/45]
ns, where 4  n  6 for unidirectional tape, and 2  n  4 for
woven fabric [79]. The “n” stands for the fabric number
and “s” means the symmetry of fabric sequences. The
recommended controlled displacement is 2 mm/min. The) multiple fibres pull-out test and (c) micro-bond test.
Fig. 14 e Specimen and load direction of the in-plane shear test.
Fig. 16 e Schematic of double beam shear test.
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D3039 [80]. Based on the force equilibrium, the shear
strength of the in-plane shear test (tIPST) can be evaluated
by:
tIPST ¼ Pmax=ð2AÞ (8)
where Pmax is the maximum load and A is the cross-sectional
area of the specimen.
2.3.1.6. Short beam shear and double beam shear tests. For
laminated fibre reinforced polymer composite, the short
beam shear and double beam shear tests can be used to
evaluate the maximum ILSS between fibre and the matrix.
The short beam shear test is conducted under three-point
bending, as depicted in Fig. 15. According to ASTM D2344
[54], the thickness of the specimen should between 2 and
6 mm. Based on the EulereBernoulli beam theory, the
maximum ILSS of the short beam shear test (tSBST) occurs at
the mid-thickness of the composite and has the relationship
with maximum applied load Pmax, specimen width b and
thickness t as:
tSBST ¼3Pmax=ð4btÞ (9)
The double beam shear test is conducted under a five-point
bending, as shown in Fig. 16. According to ISO 19927 [81], five
cylindrical rollers with a diameter of 6mmare used in the test.
The load is applied through two rollers at the test speed of
1 mm/min until the specimen fails. Same to the short beam
shear test, themaximum ILSS of double beam shear test (tBBST)
is derived from the EulereBernoulli beam theory, as shown
in Eq. (10).
tBBST ¼ 33Pmax=ð64btÞ (10)Fig. 15 e Schematic of short beam shear test.where Pmax, b and t are maximum load, specimen width, and
thickness, respectively.
Merzkirch and Foecke [82] studied the interlaminar shear
in the unidirectional carbon fibre reinforced epoxy laminate
through the short beam and double shear tests. The higher
shear strength was reached when the double beam test was
performed. The tBBST was approximately 30% higher than the
values obtained from the short beam shear test. This could be
attributed to that the influence of stress concentration under
the loading nose and the bending stress are reduced in double
beam shear test [83].
Comparedwith the short beam shear test, the double beam
shear test has the advantage to calculate the interlaminar
shear modulus. The calculation of interlaminar shear
modulus is based on the elastic modulus in longitudinal and
transverse directions, Poisson's ratio, and the in-plane shear
modulus of the FRP laminate.
2.3.1.7. Fracture toughness test. In the research on laminated
FRP composite, the inter-laminar fracture toughness is
commonly used to study the interfacial properties of lami-
nated FRP materials. There are three modes of the crack
propagation (mode I: opening mode, mode II: sliding (or in-
plane shear) mode, and mode III: tearing (or out-of-plane
shear) mode, as shown in Fig. 17. The fracture toughness
can be characterized by the strain energy release rate, which
is defined as the energy loss per unit increment in the area of
the specimen as the crack grows. The calculation for the strain
energy release rate in mode I, mode II and mode III are
presented in this section.
Mode I and mode II fracture toughness are commonly
studied in the research through the double cantilever beam
(DCB) test and end-notched flexure (ENF) test, respectively.
Figure 18 shows the schematic view of DCB and ENF tests. The
dimensions of specimens for DCB and ENF tests are given as
Fig. 17 e Three basic failure modes: (a) opening mode; (b) in-plane shear mode and (c) out-of-plane mode.
Fig. 19 e The determination of jDj in the calculation of GI.
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ASTM D5528, the recommended width is 20e50 mm and
thickness is 3e5 mm. In ASTM D7905, the width of 19e26 mm
and thickness of 3.4e4.7 mm are suggested.
In DCB test, the cantilevers are pulled at a crosshead
speed of 1e5 mm/min. When the crack length develops to
3e5mm, the loading is stopped and released. The position of
the crack tip needs to be marked. After that, the loading and
unloading processes are repeated. In each loading process,
the crack is allowed to propagate 3e5 mm in length. Once
the crack length reaches 45 mm, the test should be termi-
nated. During the test process, the load (P), the load point
deflection (df ) and delamination length (a) are recorded.
According to the EulereBernoulli beam theory (for a canti-
lever and linear elastic considerations), the strain energy
release rate (GI) in Mode I failure can be evaluated by Eq. (11)
as follows:
GI ¼ 3df P
ð2baÞ (11)
where b is the width of the specimen.
In practice, GI calculated from Eq. (11) is an overestimated
value, because the beammay rotate at the delamination front.
In order to correct influence caused by the rotation, a longer
delamination, aþ jDj, is used. The value of jDj is determined by
experimentally generating a linear least-squares plot of C1/3 as
a function with delamination length (a) [56], as illustrated in
Fig. 19, where C is the compliance, i.e. C ¼ d=P. Therefore, the
GI can also be calculated using Eq. (12) as follows:
GI ¼3dP = ½2bðaþ jDjÞ (12)Fig. 18 e (a) Double cantilever beam (DCB) test andThe ENF test is carried out under a three-point bending
under displacement control (0.02e0.08 mm/min), until the
propagation of delamination could be observed by visual
assessment or the applied force drops significantly. During
the test process, the load (P) and delamination length (a) are
recorded. Besides the fracture tests, the compliance cali-
bration tests are necessary to obtain the relationship be-
tween the compliance (C) and delamination length (a),
which is used in the calculation of the Mode II strain energy
release rate (GII). The specimen of compliance calibration
test is similar to the specimen shown in Fig. 18(b) with the
only difference of a0. The two lengths of a0 (20 and 40 mm)
are individually used in compliance calibration tests, the
results of which are used to determine the compliance(b) end-notched flexure (ENF) test, unit: mm.
Fig. 21 e The shear strength obtained by various
mechanical tests.
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linear regression between C and a3:
C¼m2 þm1,a3 (13)
The specimen in Fig. 18 (b) with a0 ¼ 30 mm is used in the
fracture test. Combining the fracture test results and
compliance calibration coefficients, (GII) can be calculated by
Eq. (14)
GII ¼ 3 $m1p2$a2
 ð2bÞ (14)
where b is the width of the specimen.
However, there is a lack of a standard method to evaluate
the mode III fracture toughness of FRP composites. Lee [84]
proposed an edge crack torsion (ECT) test method to study the
mode III fracture toughness. Ahmadi-Moghadam and Taheri
[85] andMehrabadi and Khoshravan [86] followed thismethod
to investigate the mode III fracture toughness of GFRP. Morais
et al. [87] applied the ECT method in anticlastic bending to
study the mode III fracture toughness of CFRP laminated
plates, as shown in Fig. 20. In Fig. 20(a), the L, B, a, h and P are
the length, width, crack length, half of the plate thickness, and
the applied load, respectively. The detailed view of the ECT
test on CFRP from Morais et al. [87] is shown in Fig. 20(b). The
red and blue arrows indicate the directions of the torsion
below and above the pre-crack face, respectively.
The compliance calibration method is applied to the
evaluation of Mode III strain energy release rate (GIII).
Similar to the process for calculating GII, the relationship
between calibrated torsional compliance (C) and delami-
nation length (a) is constructed by linear regression, as
presented in Eq. (15).
1 =C ¼ m4 m3a (15)
where m4 and m3 are constants.
Hence, the fracture toughness in Mode III can be calculated









where P is the applied load and B is the specimen width.
2.3.2. Multi-scale measurement and size effects on interfacial
properties
As introduced in 2.3.2, there are various mechanical tests for
FRP interfacial properties from nanoscale, microscale, and
macroscale. The absolute values of the test results could be
different. Drzal and Madhukar [88] tested the interfacial
properties (i.e. interfacial shear strength and interlaminar
shear strength) of CFRP (AU-4/828 carbon fibres in an Epon 828
epoxy) through single-fibre fragmentation test, micro-bond
test, micro-indentation technique, in-plane shear test, and
short-beam shear tests. The values of the results are 37.2, 23.4,
55.5, 37.1, and 47.5 MPa, respectively (Fig. 21). In microscale
tests (first three tests), the micro-bond test had the lowest
interfacial shear strength. The explanation from the authorsnd (b) test setup [87] (Permission granted).
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which had large surface-to-volume ratios. Inmacroscale tests,
the difference can be attributed to the loading state of the
composite or simplified assumptions during the strength
calculation (e.g., in the single fibre pull-out test, the interfacial
shear strength (IFSS) is related to the tensile strength and the
embedded area of the fibre whilst the shear strength in short
beam test is calculated based on EulereBernoulli beam theory
and the maximum shear strength is assumed to occur at the
mid-thickness. For example, in 45 tensile test (in-plane shear
test), when the interfacial adhesion between fibre and the
matrix is poor, there is a scissoring effect, i.e. when the woven
fibre composites are subjected to off-axis loading, the warp
and weft yarns that are biased with certain angle tend to
reorient towards the principal loading axis [89]. This rotation
cannot be measured by the strain gauges at the outer plies of
the specimen due to the inter-ply failure and then results in a
lower in-plane shear strength [88]. In the view of the short
beam test, the ILSS is derived from the beam theory. The
failure of the short beam will occur when the midplane shear
stress exceeds the interfacial shear stress or the matrix shear
stress [88]. There are various failuremodes for short beam test
specimens, such as delamination failure, local crushing of the
specimen by the loading pin, bending failure, and permanent
plastic deformation. The failure modes are believed to have a
significant influence on the ILSS values. From Cui et al. [90],
unidirectional carbon fibreeepoxy showed ILSS of 109.7 MPa
in the short beam shear test when the failure mode was per-
manent plastic deformation. However, when the specimen
failed in delamination, the average ILSS was 90.1 MPa.
Therefore, a delamination failure mode should be obtained to
measure ILSS correctly.
Additionally, the size effect on the measured results is
worthy to point out. For the short beam shear test, Cui et al.
[90] investigated the unidirectional carbon fibreeepoxy with a
specimen thickness of 1.6e12.8 mm (the span-to-thickness
ratio was 5:1). As the thickness increased, the ILSS decreased
with a total reduction of 26%. In the aspect of interlaminar
fracture toughness test, the initial crack length has been paid
attention to whilst the study on specimen size effect is few.
2.3.3. Morphology observation and chemical analysis
The tests discussed above are the methods that can directly
measure the interfacial properties (e.g., interfacial shear
strength and fracture toughness) of fibre reinforced polymer
composites. There are some other characterization tech-
niques, such as scanning electron microscope (SEM), trans-
mission electron microscopy (TEM) and Fourier-transform
infrared spectroscopy (FTIR) can provide the morphological/
structural (from SEM/TEM) and chemical bond analysis (from
FTIR) for fibre/polymer matrix interface. These characteriza-
tion methods are beneficial for understanding the interface
mechanisms from the perspectives of physical and Physico-
chemical changes. For example, the Physico-chemical pa-
rameters of fibre material usually considered are fibre
dimension and fibre surface treatment. As for the polymer
matrix, the glass transition temperature, crosslink density,
and chemical modification are critical points. The typical
physical parameter, e.g., fibre dimension, is measured since
the change of fibre diameter can cause micro-cracks at thematrix/fibre interface which can reduce their interfacial
properties. The diameter measurement can be completed by
microscopic techniques, such as optical microscopes, SEM,
and TEM with the resolution up to 100 nm, 1 nm, and 0.1 nm
[91], respectively. In the measurement, it is necessary to
measure a large number of fibres to obtain mean fibre diam-
eter and fibre diameter distribution, which can reflect the
change of fibre diameter statistically. With the development
of X-ray Computed tomography (CT) scanning, the micro-CT
and nano-CT can provide the dimension information in the
three-dimension configurations at a multi-scale. Besides, the
effects of treatment on fibre surface and polymer matrix on
interfacial properties are reflected by the chemical bonding at
the interface through detecting the change of functional
groups with FTIR and Raman spectroscopy. For example,
when the plant-based natural fibre is treated by silane solu-
tion, the polysiloxane oligomers indicated that the pre-
hydrolyzed silane has reacted with the hydroxyl groups on
the fibre surface to form the chemical bonding [92]. Table 4
summarizes various characterization methods used in the
research on interfacial properties of fibre reinforced polymer
composite materials. These methods can be classified into
two categories, i.e., direct and indirect observations.
2.3.3.1. Scanning electron microscope (SEM). Scanning elec-
tronmicroscope (SEM) is used to observe the sample surface at
the microscale by scanning the surface with a focused elec-
tron beam. The electron beam reflects off a surface with a
given topography, responding to a unique signal. Due to the
different materials in composite materials, the responding
signals are different as well. Therefore, SEM is a commonly
used technique to investigate the interphase and interfacial
properties of composite materials, especially to observe the
bonding state of the reinforcement-matrix systems and the
bridge effect. A typical figure about the bonding state between
the reinforcement and matrix is shown in Fig. 22. There were
clear gaps between flax fibres and epoxy in Fig. 22(a), which
indicated poor interfacial bonding. After adding 0.5% TiO2,
there was no apparent gap between fibre and epoxy (see
Fig. 22(b)). Figure 23 shows the failure surface of carbon fibre
composite reinforcedwith nylon nano-fibre after the DCB test.
It was observed that the nylon fibres were embedded in the
epoxy matrix and strongly attached to the carbon fibre [98],
whichwas expected to enhance the bridge effect in the carbon
fibre reinforced composite material.
In addition to observing the interface based on the failure
surface, SEM can also be used for the in-situ assessment of the
fibreematrix interface. Ghaffari et al. [51] used in-situ SEM to
observe the fibre push-out test conducted on the carbon fibre
reinforced epoxy composite. The process of fibre push-out test
is introduced in the previous section 2.3.1.4. During the test,
when there is a load eccentricity of the indenter (Fig. 24(a)) or
the failure happens to the fibre andmatrix (Fig. 24), the results
cannot reflect the interfacial properties between the fibre and
matrix, which need to be discarded for shear strength calcu-
lation. In the exact interface failure (Fig. 25), the fibre ends
which are pushed out can be clearly observed. Through
monitoring the load condition by real-time in-situ SEM, the
data from samples with interface failure is selected to calcu-
late the interfacial shear strength.
Table 4 e Characterization methods of interphase in composite materials.
Interface observation Method Feature Application in interface analysis
Direct observation
on interface
Scanning electron microscope (SEM) Reflecting the morphology of the sample
surface
Coupled with EDX to determine the
compositions of different elements at the
interface [93,94]Transmission electron microscopy (TEM) Reflecting the internal and external
structure of the sample
X-ray computed tomography (CT) scanning Presenting the internal and external
structure of the sample in three-
dimension (3D)
Imaging the interface in 3D
Tracing the interface in situ
Atomic force microscope (AFM) Imaging the surface properties (e.g.,
morphology, roughness, and texture) of
the sample
Quantifying the change of the surface
properties by a specific tip
Nanoindentation Measuring the hardness and reduced
elastic modulus of the sample surface
Quantifying the hardness and reduced
elastic modulus of fibre/matrix interface
Indirect observation
on interface
Thermogravimetric analysis (TGA) Computing the weight loss in the
materials with the increasing temperature
Obtaining the mass of some reaction
product in the interphase
Coupled with TEM to calculate the
thickness of the interphase of
nanocomposite [95]
Fourier-transform infrared spectroscopy (FTIR) Reflecting the functional groups on the
sample surface by the absorbed energy
from infrared light
Presenting the change (occurring and
disappearing) of chemical groups
associated with the interfacial bonding
FTIR and Raman spectroscopy are
complementary mutually.
Generally, a sample with a weak FTIR
result has a strong Raman scattering
spectroscopy
Raman spectroscopy Reflecting the functional groups on the
sample surface through the scattering
energy of the sample irradiated by visible
light (or near-infrared)
Energy dispersive X-ray spectroscopy (EDX) Identifying qualitatively the compositions
of different elements in a specific sample
at one part hundred range based on the
interaction between the X-ray excitation
and the sample [96]
Coupled with TEM to determine the
compositions of different elements at the
interface
X-ray photoelectron spectroscopy (XPS) Identifying the composition, chemical,
and electronic states of elements in the
sample
The composition can be determined at
one part thousand range [96]
Determine the compositions of different
elements at the interface
Solid-State Nuclear magnetic resonance (NMR) Characterizing the structure and
dynamics of the polymer based on NMR's
sensitivity to the chemical shifts,
relaxation times, and dipolar couplings
[97].
Observing the structure of the polymer at
the interface through the magnetization


























































Fig. 22 e SEM images of flax fibre reinforced epoxy composites with TiO2 addition by (a) 0% (b) 0.5% [99] (Permission granted).
Fig. 23 e The inter-laminar surface of carbon fibre
composite reinforced with nylon nanofiber [98]
(Permission granted).
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mission electron microscopy (TEM) is a microscopy technique
where a beam of energetic electrons transmits through a
sample and the image is formed by the interaction of electrons
and the atoms of the sample [96]. Compared with SEM which
can only be used to observe the sample's morphology, TEMFig. 24 e Fibre and matrix damage in fibre push-out tecan provide the image of the sample's inner structure. For
example, in the interphase of carbon nanotube (CNT)eepoxy,
the partial pull-out of CNT and the empty cylinder in epoxy
can be observed [60,100], as shown in Fig. 10 before.
2.3.3.3. Energy-dispersive X-ray spectroscopy. Energy-disper-
sive X-ray spectroscopy (EDX, EDS, EDXS, or XEDS) is used to
identify the chemical elements on the sample and their rela-
tive contents. The principle is that when a sample adopts the
energy from the incident electron, an X-ray will be activated.
For a certain element, there is a corresponding specific X-ray.
Therefore, EDX can be coupled with SEM (signals from sec-
ondary electron) and TEM (signals from electron scattering) to
analyse the elemental composition of the image from SEM or
TEM. An interface analysis coupling TEM with EDX is illus-
trated in Fig. 26 and Table 5. The calculation of elemental
composition was based on the data of six red dashed zones.
The specimen was prepared through coarse and medium
milling by beam current from Gallium (Ga) ion source. In the
three phases (carbon fibre, interface, and epoxy) of the com-
posite, the implantation capability of Gaþ ion is different. The
bulk carbon fibre has a better Gaþ resistance because of its
crystal structure [94].
2.3.3.4. X-ray computed tomography (CT) scanning. X-ray
Computed tomography (CT) scanning is the technique to
image the scanned object in three-dimension (3D) by injecting
X-ray from different angles. The attenuation of X-ray photons
is the base of the technique. When the X-ray photons pass
through an object, the attenuation depends on the physicalst: (a) fibre and matrix failure (b) fibre fracture [51].
Fig. 25 e Interface failure in fibre push-out test: (a) before the test; (b) and (c) after the test [51].
Fig. 26 e TEM image and EDX results of carbon
fibreeepoxyecarbon fibre interface [94] (Permission
granted).
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 3 : 1 4 4 1e1 4 8 41460density of the object. Therefore the object that contains
different phases can show different levels of X-ray attenua-
tion [101]. The X-ray detector can obtain one two-dimension
(2D) projection image from one scanning. After scanning the
object during 360 rotation, all the 2D imageswill be computed
to cross-sectional slices and further processed into the 3D
modes of the object. The 3D representation can provide moreTable 5e Element content fromEDX results of carbon fibreeepo
line in Fig. 26).
Region Elem
Gallium (Ga) Carbon (C) Nitrogen
I 0.15 97.72 1.22
II 0.21 95.96 1.05
III 0.24 92.98 2.50
Ⅳ 0.48 89.49 3.98
Ⅴ 0.41 94.30 1.27
Ⅵ 0.13 97.66 1.44details about the interface compared with the 2D represen-
tation from SEM or TEM. The image from SEM or TEM can only
reflect the morphology of a cross-section of a sample. In the
image from 3D CT scanning, however, the whole structure of
the sample can be observed. The micro-computed tomogra-
phy (mCT) and nano-computed tomography (nCT) can detect
internal structures with a high resolution, ranging from 30 nm
to 20 mm (synchrotron X-ray CT) or ranging from 50 nm to
100 mm (laboratory X-ray CT) [102]. Seghini et al. [70] used mCT
to reconstruct the fractured area of the flax yarn after the
fragmentation tests on flax/epoxy and flax/vinylester single
yarn composites, as shown in Fig. 27. For both epoxy and
vinylester samples, the failure mainly appeared at the pe-
ripheral zone of the flax yarn. Besides the 3D reconstruction of
the tested sample, CT scanning can provide the in-situ anal-
ysis as well, which is beneficial for the observation of the
micro-crack initiation during the debonding of the fibre/ma-
trix interface. Figure 28 shows the CT images of carbon fibre/
epoxy composite at nanoscale under fibre push-in test per-
formed byWatanabe et al. [103]. Through the 3D CT scanning,
not only the 3D structure (left figures), but also the various
cross-sections (e.g., Z1 and Z2 in XeY plane, Y1, Y2, and Y3 in
XeZ plane) can be observed. Additionally, a time-lapse X-ray
CT scanning can shed light on the progress of composite
degradation [104]. It is advantageous to track and analyse the
changing of the interface. As shown in Fig. 28, as the insertion
displacement increased, cracks propagated through the plas-
tic zones of the epoxy resin [103]. Additionally, the radial
expansion of the fibre during the test also affected the crack
propagation, which need to be further investigated through
3D CT scanning.
2.3.3.5. Thermogravimetric analysis (TGA). Thermogravi-
metric analysis (TGA) is carried out to investigate the thermalxyecarbon fibre interface (only red circles region on the blue
ent content (%)







Fig. 27 e The 3D reconstruction of (a) flax yarn from the flax/epoxy composite (blue: failure zone), (b) flax yarn from the flax/
vinylester composite (red: failure zone) [70] (Permission granted).
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the sample with the increasing temperature in a controlled
atmosphere. TGA can help to understand compositions at the
interface when there is a reaction product at the interphase
and the product has a distinguished decomposed tempera-
ture. Moreover, combining the measurements of dimensions
with TEM and the weight loss with TGA, the thickness of the
polymer (Leff ) adopted by nanoparticle and the number of
anchoring points per chain in a composite (nanc) can be
calculated. For instance, Ciprari et al. [95] tested Al2O3- poly
(methyl methacrylate) (PMMA), Al2O3-polystyrene (PS), Fe3O4-
PMMA, and Fe3O4-PS with TGA and TEM. The PMMA-Al2O3
was manufactured using Al2O3 nanoparticles in a solution of
PMMA dissolved in chlorobenzene. The PS-Al2O3 was pro-
duced with Al2O3 nanoparticle and PS was dissolved in
toluene. The PMMA-Fe3O4 was manufactured by Fe3O4 nano-
particles and PMMA in chlorobenzene. And the PS-Fe3O4 was
produced by Fe3O4 nanoparticles and PS in toluene. Samples
for TEMwere small droplets of the solutions. Samples for TGA
were the solid mass obtained through centrifuging the poly-
merenanoparticle mixtures. The thickness of the polymer
(Leff ) was derived by Eqs. (15) and (16) given below. The Al2O3
and Fe3O4 particles clusters are assumed to be spherical, and
the polymer is adsorbed evenly on the clusters. Therefore, the
thickness of the polymer is equal to the radius of the cluster
with polymer minus the radius of the cluster, as presented in
Eq. (15). The average diameter of the cluster (D) is determined
by the measurement from TEM. The Vtotal can be calculated by
Eq. (16). Vtotal is the volume of a cluster which is obtained from
the measured diameter. Vpolymer is the volume of the adopted
polymer. It is calculated based on the sample mass (Msample)
and the mass fraction of polymer (wpolymer) which are deter-
mined from TGA. The number of anchoring points per chain
in a composite (nanc) was derived by Eq. (17). The results
indicated that the nanc of PMMA-Al2O3 and PS-Al2O3 were
larger than that of Fe3O4-PMMA and Fe3O4-PS. This means in
these two matrices (PMMA and PS), the Al2O3-matrix had




Vtotal ¼Vcluster þ Vpolymer ¼ Vcluster þMsamplewpolymer
rNcluster
(18)
where r is the density of polymer and Ncluster is the number of






where MW is the average molecular weight of the polymer;
Mmon is the molecular weight of polymer monomers and neff is
the average number of repeating units of the polymer.
2.3.3.6. Fourier-transform infrared spectroscopy (FTIR) and
Raman spectroscopy. Fourier-transform infrared spectroscopy
(FTIR) and Raman spectroscopy are used to reflect the func-
tional groups on the sample by infrared and visible light (or
near-infrared), respectively. Entities with strong Raman re-
sponses tend to have weak infrared spectroscopy responses
and vice versa. The vibration of chemical bonds absorbed light
with a specificwavelength. Since a certain chemical group has
the corresponding absorption ranges on the spectroscopy, the
function group associated with interfacial bonding can be
analysed by FTIR and Raman scattering. For example, Goumri
et al. [105] studied the interphase of poly (vinyl alcohol) (PVA)
with low graphene oxide (GO) and partially reduced graphene
oxide (PRGO) loadings (i.e., 0.5 wt%, 1 wt%, and 2 wt%) by FTIR
and Raman spectroscopy. The D-band (at 1332 cm1 in the
spectroscopy) is related to structural defects of graphene
nanolayers. The disappearance of the 2D band (i.e., as a
second-order two phonon process) is attributed to the pres-
ence of the carboxyl groups on the surface of the GO. This
chemical group provided a better bonding between the hy-
droxyl groups of the PVA matrix and the oxygenated func-
tionalities of the GO [105]. Table 6 summarized the commonly
investigated absorption peaks regarding the interfacial
bonding between the fibre and matrix.
Fig. 28 e CT images for the carbon fibre/epoxy composite at different amounts of indentation displacement: (a) 15 mm, (b)
20 mm and (c) 25 mm. The grey, dark yellow, and red regions represent the carbon fibres, plastic resin, and cracks (air),
respectively. The green arrows mean the open stress directions [103] (Permission granted).
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scope (AFM) can be also used as a characterizationmethod for
the surface properties (morphology, roughness, texture [96],adhesion, viscoelasticity, and energy dissipation [113]) based
on the interaction between the tip at the free end of a canti-
lever in AFM and surface atoms of a sample. The tip is
Table 6 e Functional groups investigated in spectroscopy for fibre/matrix interface.
Functional group Absorption band (cm1) Fibres Influence on the interface
CeF (carbonefluorine group) 950e1280 [106] Oxyfluorinated carbon
fibre [106]
 Increasing the specific polarity of the
fibre surface
 Formatting of OxeFx bonding between
the fibre and matrix [106]
eOH 3400e3200 Plant-based natural
fibres
 Reducing the water absorption of the
fibre to migrate the mismatch in
swelling ratios of the fibre and matrix
which can cause micro-cracks at the
fibre/matrix interface




Sisal, jute, and kapok
fibres treated by NaOH
solution [107]
Coir fibre treated by
NaOH solution [108]
 Reduction/disappearing means the par-
tial reaction/removing of the hemicel-
lulose. (reducing the hemicellulose can





fruit fibre þ maleated
Polypropylene [109]
Flax fibre treated by
maleic anhydride (MA)
[110]
 Forming chemical bonding between the
fibre and matrix (two ends of the MA
agent connect the eOH of fibre and
matrix respectively) [109,110]
CH]CH 1581 [110]
SieOeSi 762 and 1030 [111] Glass fibre treated by
silane solution [111]
 Forming chemical bonding between the
fibre and matrix (two ends of the silane




Flax fibre treated by
silane solution [112]
Coir fibre treated by
silane solution [108]
SieOeAl 522e521 [112] Flax fibre grafted with
nanoclay by silane [112]
 Grafting nanoclay on the fibre surface to
increase the surface roughness [112]
j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 3 : 1 4 4 1e1 4 8 4 1463attached at the free end of a cantilever in AFM. There are three
working modes for AFM scanning: contact mode, semi-
contact (or tapping) mode, and non-contact mode. In the
contact mode, the repulsive force between the atoms is
recorded to analyse the surface properties. On the contrary, in
the non-contact mode, the attractive force between atoms is
measured to reflect the surface properties. The interaction
force results in the deflection of the cantilever, which is
measured through an optical beam method. In the semi-
contact (or tapping) mode, the tip is oscillated near the reso-
nance frequency of the cantilever and touches the sample
surface periodically. When the tip passes over a concave re-
gion of the surface, the cantilever has a higher amplitude.
Contrarily, the amplitude is lower when the tip passes over a
convex region. Therefore, the change in oscillation amplitude
is used to measure the topographic variations on the sample
surface [114]. Monclus et al. [115] investigated the interphase
of glass flake-reinforced polypropylene composite by AFM.
The variations of the contact stiffness between tip and sample
surface were observed by measuring the deflection of the
cantilever in contact mode. There was an abrupt interphase
between the glass flake and the polymer (Fig. 29), as the glass
region is stiffer than the polymer region. Cech et al. [116] uti-
lized AFM to study the surface topography and phase imaging
of the interface between glass fibre and polyester in semi-
contact mode. The surface topography of the interface can
be seen in Fig. 29(a), and the height and phase profiles along
the white line are shown in Fig. 29(b). An abrupt phase shift
can be observed between the interface and fibre. The authorattributed the shift to the great difference in Young's modulus
between the interface and the fibre. Wang and Hahn [117]
used AFM height images to characterize the interphase of
CFRP and investigated the influence of hygrothermal treat-
ments on the interphase in tappingmode, which is a modified
non-contact mode. Under the tapping mode, the tip scans the
sample surface with the cantilever oscillating at (or near) its
resonance frequency. The topography of the sample surface
leads to the variation of the distance between the sample
surface and tip.When the tip gets closer to the sample surface,
the adhesion force (e.g., van der Waals force and electrostatic
force) between the tip and the sample surface will reduce the
amplitude. The signal of amplitude reduction is recorded to
form the topography image of the sample. The reduction of
the height difference between fibre and matrix was attributed
to the swelling of matrix by moisture absorption. In contrast,
the height difference ascended when the specimens were
treated by high temperature (120 C). This was attributed to
the matrix shrinkage caused by the post-curing under
elevated temperature.
2.3.3.8. Nanoindentation. Nanoindentation is the method to
characterize the surface mechanical properties (e.g., reduced
modulus and hardness) of the tested material. The process of
nanoindentation measurement is shown in Fig. 30(a), where
the calibrated indenter tip approaches the material surface.
When the tip contacts and indents into the sample surface, the
force increases. After the maximum load is achieved, the
sample will be unloaded. The maximum indentation depth
Fig. 29 e AFM image of the interface of glass fibre
reinforced polyester composite: (a) Surface topography; (b)
Height (dashed line) and phase (solid line) profiles across
the interface [116] (Permission granted).
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the sum of elastic and plastic deformation of the sample. The
residual depth (hf ) after unloading is the plastic deformation ofFig. 30 e (a) The process of a nanoindentation test; (b) a typical
(Permission granted).the sample. The contact depth (hc) indicates the height of the
contact surface between the indenter and the deformed sur-
face, which is used for calculating the contact area of the
indenter for further quantification of hardness (H) and reduced












where Pmax is the maximum applied load and Ac is the contact
area of the indenter. The b is a constant for the indenter ge-
ometry. The unloading stiffness (S) shown in Fig. 30(b) is
measured at the initial point of the unloading, which is the





When the nanoindentation test is performed on the fibre
reinforced polymer composite, the difference in the hardness
and reduced modulus between the fibre and polymer matrix
can be used to determine the interfacial parameters such as
the thickness and elastic modulus. Figure 31 shows the
loadedisplacement curves for short carbon fibre (SCF) rein-
forced polyether ether ketone (PEEK) composite [118]. The SCF
showed elastic behaviour, while the PEEK matrix showed a
hysteresis loop during each loadingeunloading cycle due to
the viscoelasticity and elastic strain relaxation of the matrix.
The loadedisplacement curves of the interface were between
the curves of fibre andmatrix. The closer themeasured curves
to the hysteresis loops are, the softer is the interphase.
The nanoindentation on the interface between the matrix
and man-made fibre (e.g. carbon [118,119] and glass [120,121])
have been widely investigated. Carbon and glass fibres are
homogeneous materials, and it is assumed that no other
interfaces exist within monofilament individual glass or
carbon fibre. In contrast, plant-based natural fibre has a hi-
erarchical structure so that it is challenging to use theloadedisplacement curve of a nanoindentation test [118]
Fig. 31 e Typical loadedisplacement curves of SCF-PEEK composite [118] (Permission granted).
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(i.e., hardness and reduced elastic modulus of the interface)
of plant-based natural fibre reinforced polymer. The reason is
that one cannot simply judge whether the changes of hard-
ness and reduced elastic modulus result from the matrix/
fibre interface or the hierarchical structure of the plant-based
natural fibre. For example, a single plant-based fibre contains
the primary cell wall (P layer), secondary cell wall (S1, S2, and
S3 layers), and the enclosed hollow lumen. Therefore, the
change of the modulus and hardness is likely to occur at both
the matrix/fibre interface, the interface between cell walls
(i.e., middle lamella) and interface between the cell wall and
lumen. Li et al. [122] investigated the interfaces at the epoxy/
sisal fibre composite by AFM equipped with a nano-
indentation system. A variety of points need to be measured
for the matrix and the fibre in a cross section to distinguish
different interfaces (matrix/fibre interface and interface in
cell walls) in the composite. The detailed positions of nano-
indentation are illustrated in Fig. 32(a). Figure 32(b) and (c),
showed that there are similar values of hardness and
reduced elastic modulus between the matrix and the lumen
areas, which were significantly lower than the values of the
corresponding cell walls measured. In the cell walls, the
hardness and reduced elastic modulus were not constant.
The S2 layer had the highest values of the hardness and
reduced elastic modulus among all the cell wall layers (i.e., P,
S1, S2 and S3 layers, as shown in Fig. 32.
2.3.3.9. Characterization aided by machine learning and auto-
mated algorithms. The characterization of interfaces in FRP
aims at understanding the interface mechanisms which can
advise FRP composite design with good interfacial bonding
performance. However, there is still a lack of the theoretical
relationship between the interface properties and themechanical properties of FRP, which is nearly impossible to be
achieved due to the complexity, inhomogeneity, and large
uncertainty of the interfacial properties. Therefore, re-
searchers turn to alternative methods which can deal with
unseen and complex patterns and correlate the interfacial
properties and the mechanical properties of FRP composite
materials. Machine learning and automated algorithms
(through processing a large number of 2D images into 3D data
sets) are potential approaches to predict the mechanical
properties of FRP composite materials and even capture the
sub-micro defects in the FRP with high accuracy.
Konstantopoulos et al. [123] used Machine Learning clas-
sification models to process the nanoindentation mapping
data to identify the influence of interface modification on the
hardness and reduced tensile modulus of CFRP. The modifi-
cation methods on the carbon fibre were functionalization
with oxygen groups, functionalization with monomer graft-
ing, and using carbon nanotubes. Three trained models used
inmachine learning included artificial neural networks (ANN),
classification trees, and support vector machines (SVM). The
procedure is given in Fig. 33. The original training data were
from the nanoindentation results with the indentation
displacement of 200 nm. Before themachine learning, the raw
data was pre-processed to avoid the model overfitting and the
model bias due to different scales of magnitude between
different variables (e.g., contact depth, hardness, and reduced
elastic modulus from the nanoindentation tests). Specifically,
the raw data was processed to discard the variables with
strong correction (exceeding ±0.90) through calculating the
correlation value between every two variables. It should be
noted that, during the pre-processing, the raw data were
normalized with the z-score normalization method, in which
the distances between the raw data and the mean were
computed in standard deviations. The pre-processed data
Fig. 32 e (a) Indentation position; (b) reduced elastic modulus and (c) hardness of the sisal fire reinforced epoxy composite.
(CML: compound middle lamellae which gluing fibre together) [122] (Permission granted).
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interface, and carbon fibre clusters) by the k-means algorithm
in which each datum was partitioned to the cluster with the
nearest mean. Next, the clustered data was trained by ANN,
classification trees, and SVM methods. After the training, the
prediction models between the interface modification and
indentation mapping were established. Additionally, to test
the transfer learning potential, the dataset from the nano-
indentation results with the indentation displacement of
400 nm (Fig. 33) was used for validation. As a result, the SVM
kernel classification showed a relatively good accuracy (pre-
diction accuracy was 72.7%) to describe the effect of carbon
fibre modification.
Fritz et al. [124] used automated algorithms to process the
3D dataset of CFRP laminates captured by micro-CT. The
methods to identify the inter-laminar thickness and voids are
presented in Fig. 34. In the inter-laminar thickness tool, the
parting surface needs to be determined first. The process is
given as follow: 1) binarizing the CT image and computing thegrey value, 2) defining the grey value of each pixel in the image
as the energy function, 3) connecting the seed points on the
minimum-energy continuous path in the inter-laminar region
to form a parting line, 4) performing steps 1)e3) on each 2D
images to form the parting surface in 3D. After the parting
surface was determined, increasing the grey value of the
highlighted fibre edges and calculating the distance between
the nearest carbon microfibers and the point on the parting
surface. In the aspect of void quantification, it was determined
by identifying the darkest voxels associated with voids and
grouping the voxels into 3D clusters. Setting the parting sur-
face as the basis surface, the voxels located in the region 7 mm
above and below the parting surface were classified into inter-
laminar voids. The thickness of 7 mm is based on an assumed
inter-laminar thickness of 14 mm which was twice the diam-
eter of the carbon fibre used in this study). Other voxels were
identified as intra-laminar voids. Based on the processed CT
images, some new features were observed such as tow-
aligned resin pockets (significant increase of inter-laminar
Fig. 33 e Workflow of identifying the interface mechanism in CFRPs using machine learning. [123] (Permission granted).
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and sub-microvoids. They have been not linked to composite
damage initiating, propagation, damage resistance, and fail-
ure yet. In further research, these features (i.e., tow-aligned
resin pockets, individual misplaced fibres, and sub-Fig. 34 e Flowchart describing the function of the automated an
(a) interlaminar analysis tool and (b) voids qualification and locmicrovoids) can be scanned by in-situ mCT before and after
loading to observe their propagation during the loading. It
should be noted that the 3D dataset usually consists of a large
number of 2D images, requiring a highly efficient data pro-
cessing tool.alysis tools used in this work utilizing mCT datasets.
alization [124] (Permission granted).
Fig. 35 e Interlaminar thickness maps of representative interlaminar regions of [0/90/±45]s CFRP laminates: (a) 0/90
interface, (b) 90/þ45 interface and (c) þ45/¡45 interface [124] (Permission granted).
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Although mechanical tests can evaluate interfacial shear
strength and morphology observation can help to explain
interface mechanisms, as discussed in Subsection 2.3.2 and
2.3.3, they cannot observe the changing process of the inter-
facial properties (including shear stress and morphology
changes) during the whole debonding process. In the simu-
lation, however, the debonding of the interface can be
described mathematically and presented visually by each
simulating step in both local and global coordinates. There-
fore, the observation on the debonding process of the inter-
face can be obtained through interface simulation. Thissection introduced interface simulations in the finite element
method (FEM), discrete elementmethod (DEM), andmolecular
dynamic (MD) method. A summary of the models, force fields,
and corresponding mechanical tests on the FRP composite,
and interface simulations by FEM, DEM, and MD is presented
in Table 7. In the following section, the details are discussed.
2.4.1. Finite element method (FEM) model
The FEM is the most commonly used approach to simulate
behaviour of composite material (e.g. mechanical properties,
crack initiation, and propagation) under various loading con-
ditions (e.g. quasi-static, vibration, and dynamic loadings) at
different scale lengths (e.g. microscale, mesoscale, and




FEM 1. Continuum damage
model
2. Cohesive zone model
3. Coulomb friction model
1. Interface tests (fibre
pull-out, fibre push-









DEM 1. Linear contact model 1. Tensile and
compressive tests








1. Fibre pull-out test
j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 1 ; 1 3 : 1 4 4 1e1 4 8 4 1469macroscale) [125]. Moreover, the simulation can combine
mechanical and thermal loads to formulate complex loading
conditions (e.g. thermo-mechanical cyclic loading [126]). In
FEM, the material response (e.g., stress and strain) and re-
lationships among material parameters are described by
constitutive models. Continuum damage model (CDM),
cohesive zone model (CZM), and Coulomb friction model are
typical constitutive models.
2.4.1.1. Continuum damage model (CDM). The CDM is a
phenomenological model based on continuum damage me-
chanics.When the CDM is applied to simulate the fibre/matrix
interface and inter-laminar interface, the relationship be-
tween the damage propagation and stiffness degradation
needs to be established in a solid element [127]. The damage
evolution is achieved by using the scalar damage parameter
(di, where i denotes the element i) to describe the stiffness
degradation, as shown in Eq. (23). The range of the damageFig. 36 e The angle between each Gauss point of iparameter is from 0 to 1, in which di ¼ 0 represents the initial
state and di¼ 1means complete debonding state. TheC0 andC
are the stiffness matrix before and after the degradation,
respectively.
C¼ð1diÞ$C0 (23)
In the isotropic material with bi-linear stressestrain rela-










where εi, εn;i and εu;i are the normal strain, softening onset
strain, and ultimate strain in the softening process of element
i, respectively.
Apart from determining the damage parameters by
stressestrain relation, Babaei and Farrokhabadi [129] used the
angle between each Gauss point of elements (qGausspoint) to
determine the damage parameter of the fibre/matrix interface
(dint:). As shown in Fig. 36, the fibre and matrix elements were
connected by interface elements where four Gauss points






		qGausspoint		  jaj (25)
The a was derived from Eq. (26)
a¼  Eint:$nf þ Ef :$nint: þ Ef :  Eint: (26)
where the terms Eint:, Ef : and nint:, nf were the elastic modulus
and Poisson's ratio of the interface and fibre, respectively.
For orthotropic materials such as FRP laminates, various
damage parameters are necessary to reduce the material
stiffness in different directions. For example, Wang et al. [130]
introduced df , dm and ds to denote the fibre breakage (longi-
tudinal direction) and matrix cracking (transverse direction)
and shear failures, respectively. As the shear failure is
dependent on the longitudinal and transverse cracks, in linear
softening material, the ds of linear softening material is given













(27)nterface elements [129] (Permission granted).






m represent the damage parameters of
fibre in tension, fibre in compression, matrix tension, and
matrix in compression, respectively.
Maimı́ et al. [131] introduced three types of damage vari-
ables (dN, N ¼ 1±, 2± and 6 represent the longitudinal,
transverse and shear damage, respectively) as well. And
N ¼ 1þ, 1 , 2þ and 2 means longitudinal tension, longi-
tudinal compression, transverse tension and transverse
compression, respectively. Especially, the internal variable
rM (M ¼ 1þ, 1 , 2þ and 2 ) defining the threshold of the
elastic domains was used to determine dN. The term rM was
associated with the loading function, which was dependent
on the strain tensor and material properties (elastic modulus
and strength). In the research of Maimı́ et al. [132], the
exponential damage evolution law was used in the FRP
laminates. The general form of damage parameters is
expressed in Eq. (28)







where fMðrMÞ is a function having the same order as the
damage activation function to indicate the softening initi-
ation. The damage activation function (F1þ, F1, F2þ and F2)
came from the LaRC04 criteria [131], as presented in Table
8. The AN is the adjusting parameter calculated from the
fracture toughness of the material, which is expressed as
Eq. (29).
gNðANÞGNl* ¼ 0 (29)
where GN is the energy release rate, gN is the energy dissipated
per unit volume, and l* is the characteristic length of the finite
element.
To consider the influence of temperature and moisture on
the FRP, they (Maimı́ et al. [131,132]) used the equation of the
energy density containing damage variables, as follows:Table 8 e The damage activation functions and corresponding
Damage activation function
F1þ ¼ 41þ  r1þ  0
F1 ¼ 41  r1  0
F2þ ¼ 42þ  r2þ  0
F2 ¼ 42  r2  0





strength in fibre direction and normal to the fibre direction, respectively.h
rate in mode I and mode II. SL andST are longitudinal and transverse s












þða11 $ s11 þa22 $s22Þ $DTþðb11 $ s11 þb22 $ s22Þ$DM
(30)
where E1, E2, n12 and G12 are the in-plane elastic orthotropic
properties (elastic modulus, major Poisson's ratio, and shear
modulus) of a unidirectional lamina. The a11, a22 and b11, b22
are the coefficients of thermal expansion and hygroscopic
expansion in the longitudinal and transverse directions,
respectively. The DT and DM are the differences in tempera-
ture and moisture content, respectively.
The strain tensor is the derivate of the energy density,
which is expressed in Eq. (31):
ε¼ vG
vs
¼H : sþða11 þa22Þ $DTþðb11 þ b22Þ$DM (31)






















Gonzalez et al. [133] applied the model from Maimı́ et al.
[131,132] to simulate the drop-weight impact test on the uni-
directional FRP laminate, and further applied compression on
the impacted FRP laminate. The simulation can describe the
failure of interlaminar and ply during the test. Furthermore,
Maimı́ et al. [134] developed the previous CMDmodel to a fully
3D damage model to describe the inter-laminar and intra-
laminar failure mechanisms without pre-setting the crack
plane. Considering the dimensional expansion, the energy
density is modified as follows:loading functions in LaRC04 criteria.











































ctive stress tensors with the fibremisalignment. XT and YT are tensile
L is the longitudinal friction coefficient. GIc and GIIc are energy release
hear strength, respectively. ~tT and ~tL are effective longitudinal and














$s11 $ ðs22 þ s33Þ
 n23
E2
$ s22 $s33 þ s
2
12 þ s213
2ð1 d6Þ$G12 þ ½a11 $s11 þa22 $ ðs22 þs33Þ $DT
þ ½b11 $s11 þb22 $ ðs22 þ s33Þ$DM
(33)
where the direction of d1, d2 and d3 are defined by a set of
orthonormal vectors [e1; e2; e3]; the n23 is the minor Poisson's
ratio.





With the 3D model (Maimı́ et al. [134]), the delamination
procedure of notched FRP laminate subjected to longitudinal
tension was predicted fairly well: the notched ply in the FRP
triggered the delamination between the central ply and the
adjoining plies, followed by the propagation of delamination
in mode II along the longitudinal direction.
Based on the model of Maimı́ et al. [134], Salavatian and
Smith [135] studied in-plane shear modulus reduction con-
cerning the effect of internal traction and crack closure on the
in-plane shear modulus. Melro et al. [136] used the 3D models
from Maimı́ et al. [134] to simulate the response of woven
fabric reinforced polymer in various load conditions (tension
and shear). A 5-harness satin weave was chosen as the
representative unit cell in the “infinite” length of the fabric
reinforced polymer, as shown in Fig. 37. In the uniaxial ten-
sion, the load is applied along the warp (horizontal) yarns, andFig. 38 e Different shapes of the cohesive traction-separation la
Model); (c) bi-linear form; (d) trapezoidal form; (e) polynomial fo
granted).
Fig. 37 e The structure of the 5-harness sathe damage accumulated in the weft yarns propagates to the
matrix which causes the final failure of the weave. Under a
pure shear load, the damage tends to be located along the
edges of the yarns where there is bonded to the matrix.
2.4.1.2. Cohesive zone model (CZM). In the FE method, the
cohesive zone is established in the element with zero thick-
ness, compared with the CDM in the solid element having a
defined thickness. The CZM element can be calculated in the
cohesive elements in Abaqus [137e140] and contact elements
in ANSYS [141]. In CZM, the interface stress is calculated based
on the cohesive traction-separation law, which is character-
ized as a relationship between a cohesive traction vector (sn)
and displacement separation vector (dn) [142]. There are
several commonly used forms of the traction-separation law
in Fig. 38. The first two forms (linear softening and constant
forms) describe the traction-separation law after the cohesive
traction has attained an initial peak value sc, and the cohesive
traction decreases linearly or vanishes when the displace-
ment reaches the maximum separation of dc. Figure 38(a)
shows the linear softening lawwhich is appropriate for quasi-
brittle materials such as ceramics and concrete [143]. The
constant form traction-separation law is used to describe the
plasticity of the crack tip in ductilemetals [143]. The other four
traction-separation laws consider both the softening region
and the initial region in which the traction increases to the
initial peak value (sc) in a specific matter as the displacement
increases to the separation point (d0). In bi-linear and trape-
zoidal forms, the initial and softening regions are linear.
Specially, the trapezoidal form contains a plateau (d0d1)
which is used to describe the crack growth resistance inw: (a) linear softening form; (b) constant form (Dugdale
rm; (f) exponential form; redrawn from [142] (Permission
tin weave [136] (Permission granted).
Fig. 40 e Tri-linear cohesive law based on two bi-linear
laws, redrawn from Ref. [144] (Permission granted).
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separation laws are presented as polynomial and exponential
relationships, respectively [90].
All the last four forms are usually utilised in the interface
simulation of FRP materials [144e149]. The bi-linear traction-
separation law is the simplest approach due to its mono-
tonicity and continuity. Jia et al. [145] simulated the
debonding progress of a carbon fibreeepoxy interface in the
single fibre pull-out test by using bi-linear traction-separa-
tion law in Abaqus cohesive elements. In the simulation, the
matrix embedded with a fibre was simplified as a semi-
infinite matrix with a cylindrical fibre, as shown in
Fig. 39(a). The R and le represent the radius of the fibre and the
embedded fibre length, respectively. The pull-out force was
applied uniformly on the top surface of the fibre in the axial
direction. The assumptions include 1) the pull-out process is
static, 2) the fibre will not break before the debonding hap-
pens, 3) the debonding initiates at the fibreematrix interface
and propagates longitudinally along with the carbon fibre,
and 4) the normal stress along the fibre is smaller than the
ultimate strength of the fibre material, whichmeans the fibre
will not fracture before it is pulled out. The model described
in Fig. 39(a) is symmetric, therefore it can be simplified
further to a two-dimensional axisymmetric model as con-
structed is shown in Fig. 39(b). The radial and axial con-
straints were applied on the bottom of the model whilst the
side along the axisymmetric axis was constrained only in the
radial direction. The cohesive zone between the fibre and
matrix was defined as the four-node, axisymmetric cohesive
elements (COHAX4). The bilinear traction-separation law
(Fig. 38(c)) was implemented in these cohesive elements. The
key parameters (i.e., sc, d0 and dc) were determined by
experimental curve fitting from the single fibre pull-out test.
Based on the cohesive elements, Jia et al. [145] found out that
the fibre pull-out energy per unit interfacial area (namely
specific pull-out energy) is independent of the fibre radius but
increases with the increases of the embedded length which
can enhance the interfacial friction.Fig. 39 e (a) The fibre pull-out model; (b) the axisymmetric finit
(Permission granted).Recently, a tri-linear cohesive law which is a superposition
of two bilinear cohesive laws has been proposed to represent
different fracture mechanisms (such as quasi-brittle fracture
of the matrix and fibre bridging) in the simulation of lami-
nated composites [144]. As shown in Fig. 40, the two solid lines
represent two bi-linear cohesive laws which have the same
initial separation displacement (d0) but different initial peak
stress (s1 and s2) as well as maximum separation displace-
ments (d1 and d2). Heidari-Rarani and Ghasemi [144] studied
the delamination of unidirectional glass fabric/epoxy lami-
nate by end-notched flexure (ENF) test and FE simulation
implemented a tri-linear cohesive law. In the simulation, the
Bi-linear 1 with a shorter maximum separation displacement
(d1) was used to characterize the quasi-brittle fracture in the
matrix while the Bi-linear 2 with a longer maximum separa-
tion displacement (d2) was applied to characterize the fibre
bridging. The FEmodel in the ABAQUS code is divided into two
parts. One part was the specimen formed by 2D plane strain
elements (CPE4). Another part was the delamination section
which was built by 2D linear quadrilateral cohesive elements
(COH2D4) and located in the pre-crack of ENF specimen alonge element model for a single carbon fibre pull-out [145]
Fig. 41 e Simulation results of various shapes of cohesive
law respect to experiments [144] (Permission granted).
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formed FE simulation based on bi-linear, trapezoidal, and
exponential cohesive laws. The comparison between the
experimental and simulation results is shown in Fig. 41. The
superposed tri-linear law had better agreement with the
experimental results due to its superposition of two bi-linear
cohesive laws which can justify the two damage mecha-
nisms (quasi-brittle fracture in the matrix and fibre bridging)
at the crack tip.
Zhuang et al. [150] investigated the failure of FRP laminate
under half-hole pin bearing by the combination of CDM and
CZM. The CDM models with bi-linear softening law and
smeared crack law [151] were used to simulate intra-laminar
damage propagation in the longitudinal and transversal di-
rections, respectively. The CZM accounted for the inter-
laminar failure. In the research, the damage propagation at
the bearing plane of the FRP laminate was observed by an
optical microscope (magnification factor: 5) and recorded by a
digital camera. Compared with the micrographs recorded
during the test, the simulation can capture well the influence
of the ply thickness and sequence on the bearing strength. For
further study, Zhuang et al. [152] simulated the double-shear
and single-shear composite bolted joints with different con-
figurations and geometries. Different from the previous study,
in this updated model, the inherent cohesive-frictional
behaviour was considered in the intra-laminar transverse
and delamination failure procedure. The damage-friction
coupling method of Alfano and Sacco [153] was adopted to
describe the influence of friction effects on the inter-laminar
failure. Through this model, the critical failure which was
responsible for the structural failure can be identified. For
example, in bolted FRP joints, the FRP delamination outside
the washer edge was caused by accumulated shear cracks in
bearing failure mode.
Tserpes and Koumpias [128] compared the Mode I fracture
simulation based on CDM and CZM in the 3D model. The
linear-softening law and the exponential traction law were
applied in CDM and CZMmodels, respectively. Themaximum
load and initial stiffness predicted by both CDM and CZM
models had a good agreement (the error range was less than5%) with the values obtained from the double cantilever beam
tests. However, the predictions of the CDM were more
dependent on the mesh density than the CZM. The same
phenomenon was founded by Sugiman and Ahmad [154] by
simulating the single-lap shear test on an adhesively bonded
joint by CDM and CZM. In CDM, as the mesh size increased
0.05 mm, the change of the maximum load was around 5%. In
CZM, however, as themesh size increased 0.8mm, the change
of the maximum load was only 0.3%. Moura and Chousal [127]
performed a 2D simulation on the Mode II fracture toughness
tests through both CDM and CZM. The end-notched flexure
(ENF) test was used to determine the Mode II fracture tough-
ness of the bonded joint. Based on the loadedisplacement
curves obtained from the simulation, the energy release
rates were calculated and compared with the experimental
results. The equivalent crack was introduced to reflect the
influence of the fracture process region which was near the
crack tip on the fracture toughness. In the fracture process
region, the material undergoes softening damage, but the
crack had not been generated. In the simulation, the total
strain energy of all points in the fracture process region was
regarded as the energy to form an equivalent crack. The
summary of the generated crack and the equivalent crack was
the true crack length in both CZM and CDM simulation. The
CZM displayed better agreements in the calculated fracture
toughness with the experimental value than the CDM model
due to that the normal stresses at the crack tip in CDM dissi-
pated the energy for the equivalent crack.
2.4.1.3. Coulomb friction model. Coulomb friction model de-
scribes the shear stress before the sliding of two contact sur-
faces. The shear stress (t) is expressed as Eq. (35):
t¼m$sc (35)
where m and sc are the friction coefficient and normal pressure
stress of interface, respectively.
Coulomb friction model is usually used to simulate the
interface debonding process in the fibre pull-out test [155],
micro-bond test [156,157], and fibre push-out test [158]. Zhi
et al. [156] studied the influence of fibre diameter on the
interfacial shear strength between polyester fibre and epoxy
in the micro-bond test. The interface between the fibre and
epoxy droplet was simulated using the Coulomb friction
model with a constant friction coefficient of 0.5. As shown in
Fig. 42, the SOLID 185 element was used to simulate the fibre
and the droplet. Contact elements CONTA174 and TARGE170
were assigned the contact surface on the fibre and the target
surface on the droplet, respectively.
The droplet was assumed to be isotropic, and its state was
described using maximum distortion strain energy criterion
(i.e., once the deformation of a point in a material reaches the
maximum value of uniaxial stress state, the yield failure oc-




ðsd1  sd2Þ2 þ ðsd2  sd3Þ2 þ ðsd3  sd1Þ2
1=2
 sd2 (36)
where sd1, sd2 and sd3 are the first, second and third principal
stress of the droplet, respectively, and sd is the yield strength
of the droplet.
Fig. 42 e Finite element model of (a) droplet and fibre, (b) mesh scheme and (c) contact elements [156](Permission granted).
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 3 : 1 4 4 1e1 4 8 41474The debonding process was assumed as a pure shear state.
Therefore, sd1 ¼ tfd, sd2 ¼ 0 and sd3 ¼  tfd, where tfd is the shear
stress between the fibre and matrix droplet. Hence, Eq. (36) can
be simplified as Eq. (37) When tfd reaches the maximum value,






According to the simulation results, the shear stress be-
tween fibre and droplet decreased as the fibre diameter
increased, which was in agreement with the experimental
results. This phenomenon was attributed to that the smaller
fibre diameter led to higher contact friction stress points and
increase the interfacial shear strength.
In the simulation of pull-out and push-out tests, fibre is
mostly assumed as straight. In nanocomposite, nanotubes are
typically curved and entangled. Chen et al. [159,160] simulated
the debonding of the curved and entangled nano-fibres from
the polymer matrix based on Coulomb friction model. The
radial compressive stress at fibre/matrix interface was
considered during the pull-out of the curved fibre. The simu-
lation could clearly describe the interfacial stress distribution
along the curved fibre revealed that fibres with more curva-
ture and longer embedded length need higher force and en-
ergy for debonding initiation. Additionally, the Coulomb
friction law has been coupled with CZM to simulate the
debonding and the sliding process between the fibre and
matrix. Nian et al. [157] proposed the interface model by
incorporating a Coulomb friction law into the bilinear
traction-separation law (as shown in Fig. 43(a)) to simulate the
debonding between the glass fibre and epoxy in the micro-
bond test. Compared with the traditional bilinear traction-
separation law, only one additional parameter tf (i.e., the
frictional stress in the pure frictional stage) was introduced.
The coupled interface model gave a good prediction of the
loadedisplacement curve in comparison with the results of
microbond test, as shown in Fig. 43(b).
In the FE simulation discussed above, the fibres and
fabric are regarded as a continuum and cannot be separated
during the debonding process. However, plant-based fibres
such as flax and hemp fibres contain fibre bundles thatconsist of single fibres and have natural defects (e.g., kink
band). These two features may lead to the bundle and fibre
damage and fail to form a pure shear state during the
fibreematrix debonding. Therefore, the separation of fibres
in a bundle and fibre defects need to be considered in the
debonding of fibreematrix. Sliseris et al. [161] used brittle
material laws obtained from the single fibre tensile test to
describe the flax fibre defects and the relationship between
fibres in a bundle through the finite element method. The
representative volume element (RVE) with the size of 2 mm
was applied to guarantee that all fibres (maximum length
was 1.9 mm) were included in the RVE. After applying ten-
sion load in the vertical direction, the failure mode from the
simulation captured accurately the fibre breakage initiated
at the fibre defects and the splitting of fibre bundle as shown
in Fig. 44 (black and red points).
2.4.2. Discrete element method (DEM) model
In a DEM model, the bulk material such as glass fibre, carbon
fibre, and epoxy are assembled by discrete particles. The in-
formation of each particle and contact between joint particles
can be recorded individually and updated dynamically [162].
Therefore, DEM is convenient to simulate the local debonding
problem. Ismail et al. [162] simulated the unidirectional FRP by
representative area element. Specifically, the matrix and fi-
bres were simulated by disc particles. The connection be-
tween particles in pure matrix and fibres was parallel bonds,
as shown in Fig. 45. In the parallel bond model, a set of elastic
springs are distributed evenly on the contact plane and cen-
tred at the contact point; these springs are used to resist the
moment caused by particle rotation [163]. The fibreematrix
interface was described by a displacement-softening model.
When the transverse tensile stress was applied to the DEM
model, simulation results showed that the interfaces had
higher stress than the matrix or fibre, especially in the areas
with high fibre densities. According to the simulation, tension
cracks usually began with interfacial debonding. The final
catastrophic fracture of composite material was caused by the
combination of the interfacial andmatrix micro-cracks. In the
2D DEM model, fibres have the same direction; whilst there is
more flexibility of fibre direction in 3D DEM model. However,
Fig. 43 e (a) The traction-separation law combining a Coulomb friction law and bilinear traction-separation law; (b) the
comparison between the loadedisplacement curves from the simulation and experiment results [157] (Permission granted).
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lacking.
2.4.3. Molecular dynamics (MD) simulation
Molecular dynamics (MD) simulation can be utilized to un-
derstand the interaction between the reinforcement andFig. 44 e The simulation results with corresponding SEM figure
and (b) the splitting of fibre bundle [161] (Permission granted).matrix at the atomistic level. In MD simulations, the atoms
and molecules are regarded as a collection of interacting
classical particles [164]. The trajectories of atoms and mole-
cules are determined based on Newton's equations of motion
[165]. According to the trajectory, various structural and dy-
namic properties of the system can be calculated [164]. MDs from experimental results: (a) the damage of single fibre
Fig. 45 e Fibre distribution and discrete element discretisation: (a) representative area element; (b) hexagonal packing
arrangement; (c) contact between particles [162] (Permission granted).
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 3 : 1 4 4 1e1 4 8 41476simulation is performed using empirically parameterized
force fields which describe the relationship between the
molecule energy and molecule structure. For instance, in the
MD simulation of polymer-based composite, commonly used
force fields include polymer consistent force field (PCFF)
[166,167], consistent valence force field (CVFF) [168], and the
assistedmodel buildingwith energy refinement (AMBER) force
field [169,170].
In the research by Xiong and Meguid [166] the MD simu-
lations of CNT reinforced epoxy composites were performed
based on PCFF. This research investigated the influence of
epoxy density, length, and diameter of a CNT, and the
CNTeepoxy interphase thickness on the interfacial properties
(e.g., pull-out force and interfacial shear strength and inter-
action energy). The single polymer molecular chain and CNT
are exhibited in Fig. 46(a) and (b). The analytic form of the
energy expression used in the PCFF is presented in Eq. (38):
Epot ¼ Ebond þ Eangle þ Edihedral þ EvdWaals þ ECoulomb (38)
where Epot, Ebond, Eangle, Edihedral, EvdWaals, and ECoulomb are
the potential energy of the total system, PCFF bond, PCFFFig. 46 e (a) Molecular model of a single diglycidyl ether of bisp
(b) molecular model of a single-walled CNT; (c) front and (d) late
composite [166] (Permission granted).angle, PCFF dihedral effect, van der Waals interaction, and
Coulombic interaction, respectively.
During the simulation, the load end of the CNT was pulled
at a uniform velocity of 1  105A per femtosecond. The free
end of the CNT was pulled out completely from the epoxy
matrix. The interfacial shear strength (IFSS) was determined
based on the change of total energy, as presented in Eq. (39)
DE¼prCNTtil2e (39)
where DE is the difference in total energy of the CNTeepoxy,
rCNT is the radius of CNT, le is the embedded length of CNT, and
ti is the IFSS. According to the simulation results, the increase
of length and diameter of a CNT, and the thickness of
CNTeepoxy matrix interface resulted in a decrease of inter-
facial shear strength.
Xiao and Xian [168] studied the mechanism of how mois-
ture affects the interfacial bonding in carbon fibreeepoxy
resin using MD simulation based on CVFF and themicro-bond
experiment. In order to simulate the moisture condition,
23,586watermolecules (density: 1 kg/m3) were assigned to the
carbon fibreeepoxy interfacial system. The moisture condi-
tion simulation results indicated that the surface free energyhenol-Aetriethylene-triamine (DGEBAeTETA) epoxy chain;
ral views of the computational model of the CNTeepoxy
Fig. 47 e The schematic diagram of (a) wood cell wall consisted of multiple layers; (b) wood cell wall model consisted of
cellulose and hemicelluloses; (c) epoxy cross-linked structure with dimensions of 340 A £ 150 A £ 200 A; and (d) mesoscale
model of epoxyewood material system with dimensions of 340 A £ 150 A £ 440 A [167] (Permission granted).
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with the drop of the interfacial shear strength tested by the
micro-bond experiment. Moreover, the MD results revealed
that the Coulomb forces between water and epoxy molecules
were critical to the interfacial debonding process [168]. Tam
et al. [171] investigated the effect of salt environment on the
interface adhesion of carbon fibreeepoxy by MD simulation
based on CVFF. The 5 wt% of sodium (Naþ) and chloride (Cl)
ions were added into water molecules to simulate the salt
environment. The simulation was subject to structural equil-
ibration in the canonical ensemble at a constant temperature
of 300 K for 2 ns with a time step of 1 fs. According to the
simulation results, the salt solution leads to the largest loss of
interfacial adhesion energy compared with dry and wet cases
(with/without water molecules). This phenomenon is attrib-
uted to that salt solution leads to a lower value of density
profile of epoxy atoms which indicated less attractive
interaction.
Additionally, MD is also used for the interphase of glass
fibreeepoxy composite [172] and other composite materials
(e.g. ceramic, metal, and cementitious matrix composites). It
is worthy to point out that, in most of the MD simulation of
fibre/polymer-based matrix interface, the materials of fibres
focus on the carbon or glass (mainly content is SiO2) [172],
which have relatively simple molecular structure in the
comparison of plant-based or animal-based natural fibres
having a hierarchical structure consisting of several macro-
molecular compounds such as cellulose, hemicellulose,
lignin in plant-based fibres and cuticle, chitin in animal-
based fibres. Due to the simple molecular structure ofcarbon or glass fibres, their MD simulation can be built at the
several nanometre scale. However, in the case of plant-based
fibre, the dimension of cell wall constituents is generally tens
of nanometre, which exceeds the computational capacity of
atomistic MD simulations. In order to understand the inter-
face between the plant-based fibre and matrix in MD simu-
lation, one method is simplifying the cell wall to the scale of
atomistic MD simulation. For example, Tam et al. [167] used
cellulose to represent the wood cell wall and performed cel-
luloseeepoxy atomistic MD simulation to confirm that water
molecules reduce the adhesion energy of the woodeepoxy
interface. Another approach is coarse-grained (CG) MD
model which is proposed to simulate themolecular motion at
the mesoscale. Briefly, the fundamental principle of CG
models is to group cooperative atoms together into CG sites
and then CG sites interact with each other based on effective
potentials [173]. The coarse-grained MD has been applied to
simulate the cellulose fibre [174] and chitin [175]. Tam et al.
[167] utilized CG model to simulate the interface of epoxye-
wood cell wall and studied the influence of temperature (5,
20, and 50 C) on the interfacial fracture energy. The model of
the wood cell wall with the structure of cellulose embedded
in the hemicellulose, as illustrated in Fig. 47. In the simula-
tion, the epoxy was sheared off the cell wall substrate by
applying an external force in the direction parallel to the
cellulose. The interfacial fracture energy is calculated by
dividing the potential of mean force by interfacial area. Ac-
cording to the simulation results, conformational changes of
the epoxyecell wall interface (obvious deformation of epoxy
layer and delamination of cell wall layer) were observed and
j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 1 ; 1 3 : 1 4 4 1e1 4 8 41478unveiled that the temperature can significantly deteriorate
the interface of woodeepoxy.
In the simulation methods discussed above, both the finite
element method (FEM) and discrete element method (DEM)
can be used to establish the interfacemodel for FRP composite
from macro, meso, and micro scales. The MD simulation is of
great use to present the real interaction in the interface at the
atomic and molecular scale. However, the limited simulation
scales in time (3  1010 s) and length (smaller than 100 nm),
and high requirement of computing efficiency are obstacles to
broaden its application.3. Future developments
In the investigation of fibre/matrix interface, the method to
improve the interfacial bonding based on the interface
mechanisms is still a key point. Using nanoparticles can
enhance the interfacial bonding by various interface
mechanisms such as enhancing mechanical interlocking,
increasing surface wettability of fibre, and chemical
bonding. Nowadays, a “growth” method has gained atten-
tion from researchers because it can make nanoparticles
grafting more efficient compared with soaking fibres in the
solution containing nanoparticles. For example, Yang et al.
[176] immersed the sisal fibre coated by Zinc oxide (ZnO) into
the aqueous solution of Zinc nitrate (Zn(NO3)2) to lead the
lateral growth of ZnO nanowires on the fibre surface. Yao
et al. [177] used the chemical vapour deposition method to
achieve the growth of nanocarbon tubes on the carbon fibre
surface. This “growth” method currently is utilized in the
FRP composite material containing one type of fibre. It needs
further investigation to apply the method to the intra-layer
hybrid FRP composites which have different fibres in one
FRP. Additionally, to achieve the practical application of
FRP-nanoparticles in composite materials, the influence of
nanoparticles on the interfacial bonding under various
conditions (e.g., weathering, ultraviolet and hygrothermal
environments) for long-term exposure needs to be investi-
gated both experimentally and theoretically. Further studies
can focus on characterizing the chemical or physical
changes of the interface with nanoparticles during the
exposure and formulating the life predictions consi
dering the degradation of fibreematrix interface with
nanoparticles.
In the simulation of the interface, the models considering
the influence of nanoparticles need further investigated. For
example, the bridge effect of nanoparticles which can in-
crease toughness could be incorporated in the simulation of
interface crack propagation. Besides, the influence of nano-
particles on the roughness of fibre surface could be quantified
as the friction coefficient and applied in the interface simu-
lation based on friction models. Furthermore, the effect of
shape, size and distribution of nanoparticles on the interface
need to be considered in the simulation. The molecular dy-
namics (MD) simulation of the fibreematrix interface with
nanoparticles under various conditions such as weathering
and ultraviolet is an interesting aspect for further explora-
tions. Coupling MD simulation, finite element method, and
discrete element method could fulfil the multi-scaleinvestigation on the interface and the entire FRP-
nanoparticles composite materials.4. Conclusions
This paper presents a comprehensive review of the interfacial
properties of FRP. The interface mechanism and the interfa-
cial properties of FRP are discussed. The methodology for
characterisation, and the numerical simulation on the inter-
face and interfacial properties are also introduced. The
mechanism of interphase in composite materials includes
physical attraction between electrically neutral bodies, mo-
lecular entanglement, interdiffusion, chemical bonding, re-
action bonding, and mechanical bonding. The final bonding is
most likely formed by the combination of some of these
mechanisms. The corresponding methodology for interfacial
properties (e.g., interfacial shear strength, interlaminar shear
strength, and fracture toughness) is introduced in mechanical
tests and auxiliary analysismethod. The simulations based on
FEM, DEM, andmolecular dynamics are presented. In the FEM,
the continuum damage model, cohesive zone model, friction
model, and coupled model are discussed. The future per-
spectives on the investigation of grafting nanoparticles on the
hybrid FRP, the chemical or physical mechanisms of the
interface with nanoparticles, and the simulation of interface
modified by nanoparticles are discussed.Declaration of Competing Interest
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